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Application of the Non-Hermitian Singular Spectrum Analysis
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Abstract

Introduction. In practical signal processing and its many applications, researchers and engineers try to find a
number of harmonics and their frequencies in a time signal contaminated by noise. In this manuscript we pro-
pose a new approach to this problem.

Aim. The main goal of this work is to embed the original time series into a set of multi-dimensional information
vectors and then use shift-invariance properties of the exponentials. The information vectors are cast into a
new basis where the exponentials could be separated from each other.

Materials and methods. We derive a stable technique based on the singular value decomposition (SVD) of lag-
covariance and cross-covariance matrices consisting of covariance coefficients computed for index translated
copies of an original time series. For these matrices a generalized eigenvalue problem is solved.

Results. The original time series is mapped into the basis of the generalized eigenvectors and then separated
into components. The phase portrait of each component is analyzed by a pattern recognition technique to dis-
tinguish between the phase portraits related to exponentials constituting the signal and the noise. A compo-
nent related to the exponential has a regular structure, its phase portrait resembles a unitary circle/arc. Any
commonly used method could be then used to evaluate the frequency associated with the exponential.
Conclusion. Efficiency of the proposed and existing methods is compared on the set of examples, including the
white Gaussian and auto-regressive model noise. One of the significant benefits of the proposed approach is a
way to distinguish false and true frequency estimates by the pattern recognition. Some automatization of the
pattern recognition is completed by discarding noise-related components, associated with the eigenvectors that
have a modulus less than a certain threshold.

Keywords: exponential retrieval problem, matrix pencil, SVD, pattern recognition
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Introduction. The present paper originates from _

a classical problem in signal processing, namely: f k) =s(k) +eolk);
. . . n R

how to find a number of exponential constituents s(k) = Z cjelvjk;

and their frequencies {vj} in a time series i=n

{f (k)}:j. One of the techniques is to assume that k=0.1,...m-1,
© Nicolsky D. J., Tipenko G. S., 2020
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and then to apply some least square method. Here, the
complex-valued amplitudes {c j} and the real distinct

frequencies {vj} are such that c_j =Cj; v_j =-Vj.

Note that vog =0 and ¢ is a real-valued constant.

The random component o is commonly interpreted as
noise; s is called the signal and ¢ is a real constant.

A variety of subspace methods such as the Max-
imum Entropy Method [1], MUItiple Signal Classifi-
cation (MUSIC) [2], Linear Prediction Methods [3, 4],
Estimation of Signal Parameter via Rotational Invar-
iance Technique (ESPRIT) [5], Matrix Pencil (MP)
[6], and Minimum-Norm Method [7] have been used
to find the exponentials {v J-} in the measured data

m-1
O} o
subspace methods is presented in terms of the singu-
lar value decomposition (SVD) [9] of the dxI+1
trajectory matrix X:

In [8], a unification of concepts of the

X=(Yg, Yy, -, Yp),

Yie =[f (k+x0), F(K+10), o F (kg ] Q)

for some constant d; translations «j; the constant
l=m-xq. We emphasize that in [8], kj=i-1
whereas we propose to choose arbitrary translations.
The new choice of translations allows us to increase
the numerical rank [9] of the trajectory matrix X,
and to improve accuracy of frequency evaluation.
Our method together with ESPRIT and MP em-
ploy shift-invariance properties of the trajectory ma-
trix X, however, there are some differences. ES-
PRIT was developed to estimate the direction-of-
arrival by a uniform linear array (ULA) of sensors.
The data readings from the i-th sensor is associated
with the i-th row of the trajectory matrix X The
data in MP are similarly arranged in the row-wise
format. Consequently, in both methods, the matrix
X is partitioned into two submatrices Hy and Hq

composed by the first d—1 and last d —1 rows of
X, respectively. Note that equal spacings between
sensors in ULA yields «j =i—1 and hence the space

shift-invariance property can be applied. If noise is
absent and d=2n+2 then the space shift-
invariance property let us derive

Hy = wH; W = {0 D% f A {0 }_1;

where j=1,..,d-1 k=-n,..,n and A is the
eigenvalue matrix of W. For the non-uniform linear
array (NULA) of sensors the translations {k;} are

arbitrary and hence the space shift-invariance in
space property of X does not directly apply [10].
However, if d =2n+1 then the matrix X has a time
shift-invariance property:

X, = X @ = {1 f Al }_l;
A =diag [ei"-n L, }

3)

where j=1,..,d; k=-n,..,n; and the matrices
Xp, Xi are given by the first 1 -1 and last | -1
columns of the matrix X, respectively; the matrix
A is as in (2). The matrix

A= {einVk }Jsjsd, —n<k<n

is a generalized Vandermonde matrix and we assume
that it is non-singular [11, 12]. Note that each fre-

quency Vi is given by the argument of the corre-
sponding eigenvalues of Q.

In the presence of noise, (3) no longer holds.
Therefore, we construct a d xd matrix € such that
Yy —€QY,_4 is minimal in some sense, where {Yy}
are given in (1). In the framework of perturbation

analysis it is possible to show that if d =2n-+1 then
frequencies {vj} could be approximated by the ar-

guments of the eigenvalues of €. However, the

number d =2n+1 of exponentials in the time series
f is a priori unknown and needs to be found. To
deal with this problem we propose a two-step ap-
proach. In the first step, we select d to be greater
than the number of exponentials found either by ex-
isting methods [13-19] or by computing the rank of
Xp. We stress that we do not need to estimate the
number of exponentials exactly at this step but to
ensure that d >2n+1. In this case some eigenvalues
of Q are associated with exponentials, while others

are related to the noise. Note that just taking into the
account information about the eigenvalues, it is im-

possible to judge whether the eigenvalue of Q is
associated with the exponential or noise. Therefore,

(2)  atthe second step we cast the trajectory matrix Xg
A =diag [ew—"’ oy € ] into the basis of the eigenvectors of Q. In the new
prm e e e =
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basis rows of X, that are associated with the expo-

nentials, have a very specific structure, i. e. the phase
portrait is either the circle or an arc. We hence pro-
pose to evaluate the number n by a pattern recogni-
tion technique. We also show that the frequencies

{v i }r;__n estimated using the information carried by

the rows are more accurate than those estimated by
the eigenvalues of Q.
Before we proceed forward, we adopt notation

1-1
for the inner product (f,g)|=|12f(k)g(k)
k=0

and the norm |[f[|, =,/(f,f), of time series

f:{f(k)}:(;l0 and g:{g(k)}L_:lo. The operator

" " stands for the complex conjugation, i.e.
a+ib=a—ib. If I=c0, we define || =|Iim I
—0

and (f,g),=lim(f,g). Also, we defined the
| =00
translation operator T

T =(f (D, f(2),.., fA-D);

f=(f(0),f@,.. f(1-2),

where f ={f (k)}:(;l0 stands for a time series.

The case of a single exponential. In this sec-
tion, we consider a single exponential corrupted by
noise:

f(k)=s(k)+en(k); s(k)=e"K

and highlight key elements of the proposed tech-
nique. Our goal is to estimate the value of v given
values of f (k) for k=0,1,..., 1.

A number of methods have been developed to
estimate a single exponential in the time series, e. g.
[2, 3, 5, 6, 20-29]. Some of them are based on an
observation that the exponential satisfies a first order
auto-regressive process

s(k+1) =eKs(k) 4)

and poles of the associated filter could be used to
identify the frequency v [24, 28].

To estimate v when the observations are cor-
rupted by noise, it is possible to introduce some av-
eraging by solving a first order autoregressive prob-
lem, i. e. finding the scalar value of a such that the
error term e in the following relation is minimized:

f(k+1) =af (k)+e(k+1); llely — min,
or in the matrix form:

Xy =aXg +E; [Ell— min,

where Xo=[(0), f(@,.., f(1-D)] and

Xy =[f@,f(2),..., f()] are complex-valued
1x1—1 matrices. The value of a is found by solving
the least squares and is given by i| such that

X1 Xg =M X0 X0,

where "*" stands for the matrix conjugate transpose.
Consequently, the frequency v can be evaluated by

V| :S[In(?ﬁ)], where 4, is an eigenvalue in the

case of 1x1 matrices Xlxg and XOXB. After some
algebra, it is possible to derive that

Vi :v+sS[(T(D,TS)| _((’J'S)I]Jr
20 ) =iV 1 2
+ &€ J{e (T(D,O))| _E[(S!m)l +(T('0’TS)|:| }+

+O(83).

When information about a number of exponen-
tials in the time series is missing, one might increase
an order of the autoregressive model to find con-
stants & and ay:

f(k+D=af(k)+ayf(k-1)+e(k+1);
lelly — min,

or in the matrix form: find the matrix A such that

X1 =AXq +E; [El} — min, (%)
0 1

where A= . Xo=[Yo,Y1,....Y1-1], and
a &

X1=[Y1,Y2,.... Y], are complex-valued 2xI-1
matrices composed of the 2x1 information vectors
Yy =[f(k),f(k +1)]t, and E stands for the

2x|—1 matrix associated with the noise. Note that
in the case of the auto-regressive model of the first
order, the information vectors Yy are scalars equal to

f (k).

Using least squares, the matrix A in (5) is found by

Q- X5 (XoX)

8 Application of the Non-Hermitian Singular Spectrum Analysis
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In the case of the single infinite exponential cor-

rupted by the white noise, i.e. (o), =1

(s,»), =0, and (Tw,®), =0 we obtain that

4 =eV (¢2 +2) and ay = 62V /(2 1 2). Therefore

the eigenvalues ik and eigenvectors V) of Q are

4]

One may note that the argument of

M —e (1—82/3)+O(84) could be used as an es-
timator of the frequency v. The other eigenvalue
Ao =l (1/2—82/12)+O(84) is rotated by the
angle of = with respect to the argument of eV, The
arguments of eigenvalues may be thus used to esti-

mate the frequency v, but 712 provides a false esti-

mate. The modulus of eigenvalues could be used to
distinguish genuine and false estimates, e. g. eigen-
values with the absolute values significantly less
than one could be associated with the damping ex-
ponentials and be discarded. At the same time, the

eigenvectors ¥; and YV, also carry the information

about the exponentials.
In the proposed technique we look at the dynam-

ics of trajectory matrix X by mapping it to the ba-
sis of eigenvectors using the matrix V =[¥4,7,]. An
image of the information vector Yy in the new basis is

Zk =\7_lYk; k =0, vy l.
In our case,
1 26V \J9+4e2 +1
N9+ 462 | —2elV  \J9+4e2 -1

eV (1-262/0) 2-€%/0 .
e (1-262/0) 1+¢%/0 rols?)

vl

<1
3

and hence

[eik\/} Fes 20)(k +1)+(D(k)eikv
Zy = +— ) +
3| wlk+1)—w(k)ek

The first coordinate of Zy, i.e. Zyq for
k=0,..,1 rotates around the origin with an angle
between Z, 1, and Z, ; approximately equal to the

frequency V. Its phase portrait

{(m(zk.l)’s(zk,l)}:(zo resembles a unit circle (or an

unit arc) with the center at the origin. The second
coordinate of Zy, i.e. Zy , for k=0, ..., does not

have a particular well-defined behavior, i. e. its
phase portrait is given by a set of points randomly
centered around the origin. This difference in the
phase portraits allows to distinguish pairs of the ei-
genvector-eigenvalue corresponding to the true fre-
guency from their false counterparts.

We note that once the coordinate of Z, related

to the exponential signal is established (in our case
the first coordinate), then the problem is simplified.
Any appropriate method of the frequency estimation
could be applied to recover a single exponential in
the time series.

Linear regression approach in the case of multi-
ple exponentials. In this section, we extend our pro-
posed approach to the time series composed of several
exponentials and contaminated by noise. Now and for
the rest of this article, we consider the information vec-

tors Y =[ f (k). (k1) F(Kticg)]
associated with arbitrary translations {«;}. We conse-

quently partition Y into two time series Sy and W)

Yk :Sk +8Wk,

Sk =[s(k+x1), S(K+12), o s(k+1g) |
and obtain that

where

Yi =VAKC+eW, k=0,...1,

where V= (e }K j<d—n<k<n; A= diag["1,...e™ |

C=(C_p, . Cp )t. Thus, the trajectory matrices X
and X; could be expressed as

Xo=V[C,AC, .. AIC |+ e[Wo, Wi, .. Wi 4],
X; = VA[C,AC, .., A™IC |+ e[Wo W, .., W ]

Note that each row of [C,AC,...,AHC] is as-
sociated with a unique frequency. The phase portrait

Application of the Non-Hermitian Singular Spectrum Analysis 9
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of the k-th row is given by the set of points
P

{cke”"k }j=0' representing a circle/arc with the ra-

dius of |cy| around the origin. A key idea of the pro-

posed method is to represent X in a new basis, ex-

tract its rows and estimate a frequency associated
with each phase portrait.

Linear regression problem. After some algebra,
we derive that Y,,, and Y are connected by the

relation

Yot = QY +&(Wis1 — QW ); @=VAVT,

* _1 *
where V* =(V V) V is the Moore—Penrose in-
verse of V. In the case of 2n+1=d, the matrix V
is square, and hence V'=V~L Furthermore, if

2n+1=d then similar to (4) we obtain the relation
between the signal components:

Skuy =QS,, @=VAV !

and to find frequencies {vy } in the noiseless time se-

ries one needs to compute € and then find its eigen-
values.

As in the case of the single exponential, we in-
troduce averaging and approximate the matrix Q by

the real-valued dxd matrix €, which is the solu-
tion of the linear  regression  problem
V41 — AYg| - min. Namely, the matrix Q is

called the best estimate  of Q, if

Q=argmin J(A), where
(4) 1 -1
J(A)== EkEk;
ng (6)
Ex =Yk —AY; k=0,..,1-1
Note that in the case of multiples exponentials

we do not know the number of exponentials contrib-
uting to the time series f. For now we assume that

2n+1<d. We discuss the selection of translations
{Ki}?zl and the dimensions of the information vec-

tors Yy later in this section.

It is possible to prove, see Appendix A for the
proofs, that if detT'y =0, then J(A) has the mini-

mum only at Q, satisfying

I =QrY, (7)

and its minimal value is Jpin :tr{l“z —Fll“()ll“f},
where

1 * 1 * 1 *
FO :TXOXO; Fl :TXOXO; F2 ZTX]_X]_.

If 2n+1=d, then for the noiseless time series

f, the solution © of the linear regression problem
coincides with €, and for the noisy data the eigen-

values of Q@ and Q are connected via

n 0
A=A+ "M,
n=1

where A are some diagonal matrices. Hence, we

can use the eigenvalues of @ =TTy to evaluate

those corresponding to  and by computing the
argument of eigenvalues to find the frequencies.
There are some difficulties since the number of
exponentials is a priori unknown, but it could be
estimated by methods discussed in [13-19] or by
computing the rank of Xg. In the case of noiseless

time series, we have rank(Xg)=2n+1 for values
d>2n+1. This means that after a certain increase
in d, the rank of X stays constant and this thresh-

old could be used to estimate the number of exponen-
tials. In case of the noisy data, one can instead esti-
mate the numerical rank of T'y by SVD [8]. Under

the white noise assumption and m — oo, the singular
values {kk}gzl of I'y according to [8, 28] are such
that

N Mk +02, k=1..2n+1
kz
6%,  k=2n+2,..d,

where >0 are the singular values associated

with the signal component and o2 stands for the

noise variance. The values of p, depend on the
choice of translations {Ki}le and could be close to

zero if the information vectors Y; are almost linearly
dependent. By varying the translations, it is possible
to make the information vectors more linearly inde-
pendent, consequently increase ., and thus to ob-
tain a notable distinctions between the singular val-
ues associated with the signal and noise. Note that
the singular values associated with the white noise

10 Application of the Non-Hermitian Singular Spectrum Analysis
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are constant. In the case when m is not large or when
the noise is not white, smallest singular values py
could start to overlap with those related to noise [30,
31] and hence the notable decrease may be missing.
Nevertheless, the SVD provides a good estimate for
the numerical rank of matrix [8].

We note that if d >2n+1 then some eigenvalues
of Q approximate the frequencies {v;} while the
other are associated with the noise. As in the case with
the single exponential, selection of eigenvalues asso-
ciated with the exponentials is a matter of belief if no
information regarding the noise structure is provided.
On other hand, the eigenvectors of Q can bring more
information to decide whether the eigenvalue-
eigenvector pair is associated with the exponential or
noise. The ideas of using the eigenvectors are closely
related to the time series decomposition by the Singu-
lar Spectrum Analysis (SSA) [32, 33].

Time series decomposition and the principal
component approach. Before introducing the prin-

cipal components using eigenvectors of Q, we

briefly review some key points of the Singular Spec-
trum Analysis (SSA). Our approach exploits ideas of
SSA, yet SSA and its various modifications such as
Monte Carlo SSA [34-36] and Multiscale SSA [37],
Random Lag SSA [38], Oblique SSA [39] do not
compute the frequencies {v} but allow representa-
tion of the data f in a new convenient way. In par-

ticular, SSA relies on the Karhunen—Loeve decom-
position of the correlation matrix

1
Ty = TUZZU

and on representation of the vectors {Yy } in a coor-
dinate system defined by the eigenvectors {uy} of

I'g, or namely

P:U*Xo; U={up,...uq},

where the rows {py } of the matrix P can be seen as

the coordinates of {Y } in the orthogonal base {uy }

and are commonly called principal components.
Note that the vectors {py} have the important prop-

fore, each principal component py is usually a line-

ar combination of exponentials even for the noiseless
data. We would like to emphasize that even for the
noiseless data, there is no one-to-one correspondence
between the exponentials and the principal compo-
nents py [40]. Hence, our goal is to obtain a one-to-

one correspondence between the frequencies {v}
and certain objects in the absence of noise as fol-
lows.

We achieve our goal by representing the infor-

mation vectors Y| in the basis of eigenvectors of 9)
instead of the basis associated with I'g as it com-

pleted in SSA. Consequently, we call the proposed
method the Non-Hermitian Singular Spectrum Anal-
ysis (NH-SSA). For the rest of this article we as-

sume, that the eigenvalues of Q are all different and
the Jordan decomposition of Q holds as
Q=VAVL
We define a central object in our approach,
namely the image of information vectors Y| in the

basis of V :

Zk =V7Y,, k=0,..,1. ®)

Using the small perturbation theory it is possible
to show that, in the case of d =2n+1, if all eigen-
values of @ are distinct then the eigenvector matrix

V is such that
Vi=(1+eR)VY 9)

where the matrix R(g) is analytic with respect to ¢
N np(nt) ;
and R(s)_znzos R , Where each diagonal

entry of R(m) vanishes for any n. Recalling that
Zi =V, we have

zy = AXC e[ RAKC + VW ],
or in its coordinate-wisely form as

k :
Zgy1 = MjCj +eng j;

erty of orthogonality PP~ = X2 However, arbitrar 2n+1 _

ex;/onentialsgdo notyhave to be orthogonal with re)f Mk, j = % (Riixrci +VjiMkvi );

spect to the inner product (--), due to the finite <1204l

number of sampling points k=0,...,1-1. There-
et e
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Here, j stands for the row index of the vector
Zy =(Zgy, Zk,2n+1)t, Aj =e"l is the eigenval-
ue of Q, and K, j represents noise. For each value

of j, the consecutive values of Zk’ i k=0,...1

rotate around the origin, each time turning by the angle
of vj (up to the level of noise O(¢)). Furthermore, if

d=2n+1 and £ —0 then there is one-to-one corre-
spondence between the rows of Z and exponentials.
In many practical applications, a number 2n+1
of exponentials in the time series f is unknown.
Therefore, in order not to loose some exponentials,
we need to have d>2n+1. This implies that we
decompose the noise o into exponentials. There-

32,
0.04f
O L
~0.04f
0.08 0.04 0 004 Wz,
a
Vj (k) ;
7
157 v =0.0400567 // 1
#
10zt //
//
57[ r /
/ /
0 50 100 150 k

c

Fig. 1. Typical results for the sequence {Zk' j }L—o

associated with an exponential: @ — the phase portrait {[ER(ZK i) 32k, )J}

fore, some rows of Z are attributed to noise and do
not have a stable "rotational" pattern around the
origin, as was discussed in section 1 for the case of
the single exponential.

Thus, to decide whether the j-th row of Z is as-
sociated with the noise or exponentials, we apply the
pattern recognition technique by visualizing dynam-
ics of {Zklj}:(:o' Namely, the sequence {Zklj}:(:o
is thought to represent a single exponential if the
phase portrait, i.e. the set of points

([(%(2x1).3(21)])

tric circles, see Fig. 1, a; the modulus |Zk,j| is

lies between two concen-

bounded around a certain constant. One other hand,

|24 (k)|

0.06* "

0.055

0.05 ‘ ‘ |

0.045¢

0.04
0

%f @ (k) A‘
|

0.4} ’

|
o2l
|

|
k=0

lies between two concentric circles; dashed and dotted lines represent one and two standard deviations from the mean modulus;

b — the modulus of {Zk’j}L—o

d — mapping of {Zk’j}L:O

is bounded from zero (k [0, 1]); ¢ — the phase (k) isa linearly increasing function (k €[0, I -1]);

back to the original space f () (k) is an exponential (k [0,m-1])
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the sequence {Zk'j}:(—o is associated with noise

when the phase portrait {[m(zk,j)’s(zkvj)]}:(:o

is randomly distributed around the center, as shown
in Fig. 2, a; the modulus |Zk,j| significantly varies.

Furthermore, for the single exponential signal, the
phase (k) is linearly increasing as shown in

Fig. 1, c, while for {Zy ;1 = related to noise the

|
k=0
phase (m):ZE:_gS[In(Zkﬂ,j 2y )} could

have some irregularities, see Fig. 2, c.
Once the rows of Z| associated with the exponen-

SZyg

0.05}

—0.051 Lo T

-0.1 -0.05 0 0.05 Ry
Vi (k) [

| v=0.191612x
60m

40w+

20mt

0 50 100 150 k
c

Fig. 2. Typical results for the sequence {Zkyj }Ik—o

randomly distributed around the origin; b — the modulus of {Zk’j}k o

tials are established the process is greatly simplified,

note that each {Zk, j } represents a single exponen-

|
k=0
tial and a whole variety of the frequency estimation
methods could be applied to recover the frequency.
Finally, we note that similar to the SSA methodol-

ogy, sequences {Zk' j} associated with either the

|

k=0
exponentials or noise could be grouped together and
mapped back to the original space as follows. For ex-

ample, mapping of {Zk,j }:(_0 associated with a sin-

gle exponential back to the original space results in

the trajectory matrix igj) = {cjei(KSJrk)Vj + O(s)}kS :

240 (K)]
0.6F ’ l

0.4

0.2 H

.l
U NM {l "

0 50 100 150 k

-0.15 : :
0 100 200 k
d

associated with noise: a — the phase portrait {[SR(ZM ):3(2« )J}I is

A k=0
: _ is not bounded from zero (k [0, 1]); ¢ — the phase

yj (k) can have one or multiple "wrapping” events [41] (k [0, I 1] ); d — mapping of {Zk’i}Lzo back to the original space

£U) (k) is an irregular signal (k e[o,m-1])
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which is a Hankel matrix when the translations

kg =S—1. We average elements in 5(((31) and thus

map the sequence {Zk,j }:(—o to the original space as
1) =c;e"* +0(e), k=0,...,m-1. Fig. 1, d

and 2, d show mappings of {Zk,j} associated

|
k=0
with the exponential and noise, respectively, to the
original space.

Note that in(J)(k) associated with the expo-
nential is a cosine with an approximately constant

amplitude, while the mapping of {Zk,j} related

I
k=0
to the noise results in some irregular structure. Simi-

lar to SSA, sequences {Zy j} . associated with

|

k=0
noise could be all grouped together and mapped back
to &. We thus produce a decomposition of the origi-

nal signal f = f +®+0(g), where f:zj £(J),
Decomposition of the time series f into a sum

of f(j), where each f(j) is associated with the
single exponential, depends on the noise variance,
proposed number n of exponentials and translations
{ic}. In the current model we use translations such
that «; =(i—1)m, where m is called the multiplici-
ty. Hence, the decomposition depends on the pair of
parameters (d,m). The multiplicity m can be cho-
sen arbitrarily. However, our numerical experiments
show that m should be of the same order as the ex-
pected period. In this case, the information vectors
{Yx} tend to be more linearly independent in the
computational sense and the matrices I'y and I'; be
better conditioned.

Numerical realization. In this section, we pro-

vide a numerical algorithm to evaluate V7L in order
to map the time series into the principal components.
Please note that since T'y and I'y are typically ill-

conditioned matrices and the straightforward calcu-

lation of eigenvectors V of Q=F1F51 could lead
to computational errors [42]. We propose to maxim-
ize the "numerical” rank of I'y and I'y by varying
m. Further, noting that the SVD is less error prone

for the symmetrical positive-definite matrices than
the eigenvalue decomposition, in order to achieve a

better numerical accuracy we suggest to exploit the
SVD of X and X; as follows.

Assuming that trajectory matrices Xg, Xj; have
the rank equal to 2n+1 we denote the SVD of X
and of X; as

Xo =UgDolIWy; Xq =UiDIW,,  (10)
where 2n+1x| matrix II stands for the projector

mapping of R’ onto R(2n+1), and where the uni-

tary matrices Ug, Wy and the non-negative diagonal
matrix Dg are of size 2n+1x2n+1, Ix| and
2n+1x2n+1 respectively for s=0.1. From (10) it

follows that the equation I'; = fzro equivalent to
Q=TR,

Q=MW WoIl ;  T=D'UjQUDy;

R= D1_1UIU0DO. Let us emphasize that the matrix

where

Q is a projection of the unitary matrix V\/l*WO, and
therefore ||Q[ <1. The matrix Y has the same spec-

trumas A as Q has.
Let us denote by @ the matrix consisting of the
generalized eigenvectors of the matrices (Q;R),

namely Q® = RDA. Taking into the account that

Q=R®A® L = YR and the definition of the matrix
Y itis easy to check that

Q= (U;DR®)A (U D;RD) L,

From the Jordan decomposition of Q it follows

that the eigenvectors V of Q and generalized ei-
genvectors @ are connected by

V = U;D;R® = UgDy®.
Therefore, by definition (8) we obtain

Z =V, =0 pplupy,; k=1...,1.

Finally, we combine all steps together and pro-
vide the numerical algorithm to estimate exponen-
tials in the time series:

Input: the time series f (k); k=0,1,...,m-1.

1. Pick a value of d >n and consider a set of
multiplicities m=0,1, 2, ....

14 Application of the Non-Hermitian Singular Spectrum Analysis
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2. For a selected value of m, compute the trans-
lations ) =(k —1)m, where k=0,1,...,d.

3. Form the information vectors {Y }Lzo and
trajectory matrices Xg and X;.

4. Repeat Steps 1-3, while computing the condi-
tion number cond(XO):||Xo||HX51H on a grid of
(d,m).

5. Select a pair of (d,m), where cond(Xp) at-

tains the minimum and compute trajectory matrices
Xy and X for the found pair of d and m.
6. Perform the SVD on

Xo = UgDlTWp, X = U;D{ITW, .
Q=NW, WoIT  and

matrices:

7. Calculate

R =Dy U; UgDp.
8. Evaluate the generalized

A={fg.A,... 44} and eigenvectors ® for the

eigenvalues

pair of matrices Q and R such that Q® =R®A.
9. Compute map information vectors Y into the

new basis: Zy :(I)‘lDalUBYk, k=1...,L

10. Discard rows {Zy j}:(—o associated with ei-

genvalues A such that ‘ij‘< Ac, where Aq is a
given threshold. These rows are related to the signal
components f(j) damping with time. The value of
Lc could be chosen such that a number of general-

ized eigenvalues ‘ij‘ <A is the same as the number

of singular values of I'y associated with the signal.

11. Apply pattern recognition technique to the
|

k=0
exponentials. The number n of exponentials is de-

remaining {Zk,j} and evaluate the number n of

termined by the number of {Zy ;1 _ which have

|
k=0
the graph lying in a vicinity of the unit circle in the
complex plane.

12. Apply one of the frequency estimation meth-
|
k=0
associated with the regular patterns. Here, we use
|
k=0"

ods to recover a single exponential in {Zk,j}

ESPRIT to find a single exponential in {Zk,j}

Output: List the frequencies {vj} associated

with {Zk,j }:(:0 showing the regular patterns.
Comparison with other high resolution
methods. Signal corrupted by the white noise.
Let us consider the signal s consisting of four unit-
amplitude cosines sampled at m =300 points. The
frequencies for these cosines are
v1/(21) =0.04; v, =0.06; v3 =0.07 and v, =0.12.
The signal s is corrupted by the white Gaussian noise
o with the zero mean E(w)=0 and variance

var(w)=1. In this case, the SNRgs defined by

10logyg (||s||2m /||w||2m) is approximately 3.5 dB.

For a given realization of the time series, we
compute the condition number cond(Ip) on the

grid of (d,m), as shown in Fig. 3. There are several

potential pairs of m and d, marked by red asterisks,
where the condition number is close to its minimum.
We select the value of m equal to 4, while the
choice for d is less restrictive, at the same time is
better to select d rather large in order to increase the
size of I'y and reduce influence of noise on the in-

formation-carrying components.

Our experience reveals that it is important to se-
lect the value of d to be at least three to four times
larger than the number of exponentials, which could
be estimated, for example, by analyzing eigenvalues
of the auto-covariance matrix I'g, shown by blue

triangles in Fig. 4. We note that a significant drop
occurs at the 9™ eigenvalue. Hence, =4 (since the

cosines are used to define the signal). Therefore,

I?glo(coqd(ro)) |

3
BN W N U1 O N

10 12 14 16 18 20
d

Fig. 3. Dependence of cond(I'y) on the multiplicity m and

the size of I'y. Cells marked by asterisks, where the condition
number is minimal, are potential candidates to choose a pair
of (m,d)
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Aj
204 v — white noise
o — AR1 noise
15¢ o § v — AR2 noise
10+ ..
S5k Tea,g
‘ ;“"vx'~w7uvjiéieeelﬁg‘?@{»
0 5 10 15 20 25 j

Fig. 4. Eigenvalues of the auto-covariance matrix I'y for the signal

consisting of a sum of eight exponentials and the constant.
The signal is corrupted by either the white Gaussian noise
or auto-regressive noise of the first and second orders

i
! v YVvv v - A j
R AASAAAA A S
0.5 e
vV AVAVAVAYS
v vvvvvv Avavd
VY gvvy

0 5 10 15 20 25 30 35 j
Fig. 5. Generalized eigenvalues f\:{io,i,l,...,ﬂ } for the
pencil Q® = ROA

while applying the NHSSA method, we assume
d =18, however any number greater than 12 will be
also sufficient. We stress that the precise determina-
tion of d is not important. Additional dimensions
d —n are used to decompose the noise into some
exponentials and these false exponentials are dis-
carded later at either Step 10 or 11.

A number of these false estimates is controlled

by the threshold parameter A in Step 10. If the val-
ue of A, is reduced then more false estimates are
recovered, but then could be discarded at Step 11. At
the same time, if the value of A is increased then
NHSSA may start to omit true frequencies. The val-
ue of A, could be chosen such that a number of

\7/(27[) ) ,*" . K R NHSSAL;E-

016, . oo = Y= : % | x— ESPRIT(H)

-~ ESPRIT(4) |

0.12

008 e .ot . ]

0.04 e

0 20 40 60 80 r
a

generalized eigenvalues ‘Xj ‘ <Ac Is the same as the
number of Ty singular values associated with the

signal. Fig. 5 shows the distribution of ij for one of

the realizations of the while noise-corrupted signal,
in the case of n=4 and d =18. Four pairs of the
generalized eigenvalues have a modulus close to 1,
while the rest has a significantly lower magnitudes.
The value of A, ~0.8 provides a threshold to sepa-

rate the true and false estimates in this case. Our ex-
perience indicates that the optimal value of

Ac = 0.8, however it might need to be decreased if

the SNR is reduced or the time series length is re-
duced. We nevertheless propose to keep the value of

Ac at the lower end to obtain some false estimates

and then discard them based on using the pattern
recognitions.

We consider 100 realizations, r, of the time se-
ries and estimate frequencies by the ESPRIT and
NHSSA. To improve the accuracy of frequency es-
timation, the size of the auto-covariance matrix for

ESPRIT is selected to be m/3=100. We consider

two instances of ESPRIT denoted by ESPRIT(1),
when n =4 (an exact number of cosines in the time
series) or N =7 is the assumed number of cosines in
the ESPRIT algorithm.

Fig. 6, a plots the recovered frequencies for each
realization according to each method, i. e. frequen-
cies recovered by NHSSA are plotted by red circles,
results of the ESPRIT recovery are shown by dots
and crosses. Fig. 6, b shows the probability, p, of
occurrence (a number of times the frequency is re-
covered within the 0.005-wide intervals, which uni-
formly span the frequency domain, divided by the
total number of realizations) for the estimated fre-
guencies. Both instances of ESPRIT almost always

P I - NHssA
I - ESPRIT(2)
80} ~ ESPRITG) |
60}
40|
20|
0 0.05 0.1 0.15 02 v/(2n)

b

Fig. 6. Recovery of frequencies in the case of the white Gaussian noise: a — frequencies estimated by NHSSA and ESPRIT for 100
realizations of the white Gaussian noise. The number of cosines in ESPRIT is assumed to be either 4 or 7;
b — the probability, p, of occurrence for the estimated frequencies
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v E(V) var (%)
NHSSA | ESPRIT(4) | ESPRIT(7) NHSSA | ESPRIT(4) | ESPRIT(7)
White Gaussian noise, SNR g =3.5dB

0.04 | 0.040066 0.040008 | 0.040018 | 4.2092¢-08 | 2.5401e-08 | 2.5111e-08
0.06 0.060517 0.060011 | 0.060014 | 1.6183¢-06 | 3.0151e-08 | 3.0139¢-08
0.07 0.069285 0.070011 | 0.070007 | 3.1890e-06 | 2.1462e-08 | 2.2494e-08
0.12 0.119960 0.119980 | 0.119970 | 4.8482¢-08 | 2.9076e-08 | 3.2675¢-08

AR1 noise, SNR4z =0.9dB
0.04 [ 0.039971 0.039348 | 0.039885 | 1.0164e-06 | 1.2936e-05 | 6.7429¢-07
0.06 0.059944 0.059894 | 0.059777 | 4.8822¢-07 | 8.3477¢-06 | 4.3980e-07
0.07 0.069988 0.068586 | 0.069860 | 3.9226e-07 | 8.6346e-06 | 2.2843e-07
0.12 0.11999 0.116940 | 0.119830 | 1.2697e-07 | 0.00010443 | 8.3213e-08

AR2 noise, SNRyg =1.5dB
0.04 [ 0.040022 0.040044 | 0.040022 | 1.3134e-07 | 7.3852¢-08 | 7.5397e-08
0.06 0.060098 0.060107 | 0.060024 | 2.8021e-07 | 3.1196e-07 | 1.0839e-07
0.07 0.069964 0.070132 | 0.070059 | 3.0026e-07 | 1.3255e-07 | 1.0902e-07
0.12 0.119770 0.120110 | 0.119980 | 5.2731e-06 | 3.3860e-07 | 2.2155e-07

recover the frequencies, while NHSSA shows good
performance for v/(2rn)=0.04 and v/(2r)=0.12,
while slightly underperforms for v/(2r)=0.06 and
v/(2r) =0.07.

Instead of identifying both of the latter frequen-
cies, NHSSA recovers a single frequency in the mid-
dle. We will discuss the separability of frequencies
later in this section. Note that all methods recover
the frequencies quite well, especially after taking
into the account that NHSSA does not have any in-

formation about the number of exponentials.
We list the estimated mean and variance for each

{Vk }i’zl in Table. The variance of ESPRIT is smaller

than that of NHSSA, but the ESPRIT requires a
number of cosines as an input variable. Additionally,
the ESPRIT with n=7 provides additional esti-
mates, shown by black crosses, that are distributed
rather randomly. It is hard to distinguish these false
estimates from the true frequencies if only their
values are given (as a potential solution one may
apply ESPRIT with different sizes of the auto-
covariance matrix to investigate whether the esti-
mates are true or false). The NHSSA also has some
false estimates, i. e. red circles lying away from the
genuine frequencies.

Finally, we illustrate separability of the original

time series f =s+ into the components, namely:

A A

§ — the recovered signal and & - the estimated
noise. The recovered signal § is obtained by group-
ing and mapping sequences associated with

| . . .
{Zk'j}kzo’ which have a circular phase portrait, to

A

the original space. The noise @& is estimated by
grouping and mapping the rest of {Zk’j}L—o to the

original space as well. Fig. 7, a shows the signal s
and the time series f =s+ for one of the realiza-

tions of ®. The recovered signal § is compared to

the original signal s in Fig. 7, b. Note that the two
time series match quite well, but § still have some
noise. Fig. 7, ¢ shows the comparison of time series
for the original ® and estimated & noise, which
match quite good as well.

We emphasize that the decomposition of the
time series f=§+®+0(g) is obtained straight

from grouping appropriate {Zk,j} and mapping

|
k=0
them to the original space. The proposed method
thus allows us to de-noise the original time series.
Despite some inspiring empirical observations, fur-
ther investigations are required to derive sharp esti-
mates for s—§ and o —®.

Signal corrupted by the autoregressive noise.
To further test the proposed method, we consider a
signal s consisting of the same four cosines, but now
it is corrupted by the noise ®, which is generated

according to an autoregressive (AR) process of ei-
ther the first or second order:

o =0.70(k -1) +&(k),

or o =0.70(k —1) - 0.40(k —2) +&(k),
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Fig. 7. Recovery of the signal in the case of the white Gaussian noise: a — comparison of the original signal s consisting of the
four cosines to the corrupted signal f =s+w, where o is the white Gaussian noise; b — comparison of the original

signal s and the recovered one § ; ¢ — comparison of the original noise ® and the recovered noise &

where &(k) is the white Gaussian noise such that
E(&)=0 and var(§)=1 the SNRgs for the former
and latter models is 0.6 and 1.5 dB, respectively.
Note that for the AR noise, the eigenvalues of
I'y do not have a clear jump as shown in Fig. 4 and
the number of exponentials for ESPRIT could be
estimated between j=9 and j=15 or higher (since
each cosine is associated with two exponentials, and
thus the number of cosines could be between 4 and 7).
After computing the condition number cond(X;) on

the grid of (d,m), we choose M=3 and d =18. As

before, we consider 100 different realizations of the
noise and estimate frequencies by the same three me-
thods. Results of the frequency recovery for the AR1
and AR2 noise models are shown in Fig. 8 and 9,

respectively. Note that AR1 noise model generates a
significant number of false estimates for ESPRIT,
there is also a comparable number of false estimates
for NHSSA, but the latter could be discarded using
the pattern recognitions. For the AR2 noise model,
NHSSA performs significantly better than ES-
PRIT(7), but less effective than ESPRIT(4). Howev-
er, ESPRIT(4) has an advantage by exploiting in-
formation regarding the correct number of exponen-
tials in the signal. If the number of exponentials is
increased, e. g. as in ESPRIT(7), false estimates oc-
cur. For the sake of completion, we list the mean and
variance for each recovered frequency in Table.
Separability. In this section, we consider a sig-
nal composed of two cosines with close lying fre-
quencies that are hard to detect simultaneously due
to the shortness of the time series f, i. e. the sum of

18
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Fig. 8. Recovery of frequencies in the case of the AR1 noise: a — frequencies estimated by NHSSA and ESPRIT for 100 realizations of the
autoregressive noise of the first order. The number of cosines in ESPRIT is assumed either to be 4 or 7;
b — the probability, p, of occurrence for the estimated frequencies

v/(2n — o F
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Fig. 9. Recovery of frequencies in the case of the AR2 noise: a — frequencies estimated by NHSSA and ESPRIT for 100 realizations of the
autoregressive noise of the second order. The number of cosines in ESPRIT is assumed either to be 4 or 7; b — the probability, p, of
occurrence for the estimated frequencies

cosines is sampled at m =100 points. Namely, we
consider v, /(2n)=0.01 and v,/(2n)=0.015,
Ck =C_k =05 for k=12, and cy =-1 the noise
o is assumed white Gaussian with the zero mean
E(w)=0 and var(o)=1/16. The signal s and time
series f are shown in Fig. 10, a; the SNR is 15 dB.

Estimation of the frequencies both by ESPRIT
and NHSSA is shown in Fig. 11. Note that ESPRIT(2)
with the correct number of cosines fails to estimate
both frequencies simultaneously, and rather estimates
a single frequency somewhere in the middle between
v /(2r) and v, /(2r). The NHSSA also fails to dis-
tinguish both cosines and recovers a single frequency —
some sort of averaging of v;/(2n) and v,/(2n) as

well. This frequency is related to an eigenvalue pair
(the cosine consists of two exponentials) lying close
to the unit circle, while other eigenvalues have signif-
icantly lower moduli and are related to noise. The

phase portrait {[‘R(Zk,j )'S(Zkvj )]}:(:o

|
guence {Zk’J }kzo
close to the unit circle is a spiral, see Fig. 12, a.

of the se-

associated with the pair lying

We stress that the original problem of exponen-
tial recovery was concerned with finding frequen-

cies{Vx :vk € R}. However, both ESPRIT [43] and

NHSSA could be applied to recover damping expo-
nentials with frequencies {vy :vx €C, }, where C,

is the upper complex plane, which discussion is be-
yond the scope of this manuscript. Therefore, instead
of recovering both exponentials with closely lying
frequencies, the NHSSA approximated them by a
single damping cosine, as could be observed in the

mapping of {Zk'j}:(zo back to the original space,

see Fig. 12, d. This information is not revealed by
standard ESPRIT, since it only relies on the eigen-
values and discards information carried by the ei-
genvectors. The noise ® and § are both recovered
in NHSSA by grouping appropriate eigenvalues and
mapping back to the original space, see Fig. 10, b, c.
Nevertheless, further investigations are necessary to
understand when the recovery of two exponentials
sampled on a short interval is feasible.
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Fig. 10. Recovery of the signal in the case of two cosines with close lying frequencies: a — comparison of the original
signal s consisting of two cosines with closely lying frequencies to the corrupted signal f =s+® , where ®
is the white Gaussian noise; b — comparison of the original signal s and the recovered one $ ;
¢ — comparison of the original noise ® and the recovered noise @&
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Fig. 11. Recovery of frequencies in the case of two cosines: a — frequencies estimated by NHSSA and ESPRIT for 100 realizations
of the white Gaussian noise. The number of cosines in ESPRIT is assumed to be either 2 or 5; b — the probability, p,
of occurrence for the estimated frequencies
Conclusions. We present a new method of es-
timating exponentials and their frequencies in the
time series. The proposed method decomposes the

20

time series consisting of several exponentials into
components by casting the information vectors into a
new basis. Each component corresponds either to
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Fig. 12. Typical results for the sequence {Zk'j}:(—o

frequencies: a — the phase portrait {[ﬂi’(zk’j ),S(Zk‘j )J}:(—o
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associated with an average of two exponentials with closely lying

is a spiral; dashed and dotted lines represent one and two standard

is generally decreasing (k €[0,1]); ¢ — the phase v j (k)

is a linearly increasing function (k [0, I —1]); d — mapping of {Zka}L—o back to the original space f (k) isa damping

cosine (k [0, m-1] )

only one of the exponentials or to noise. For the in-
formation-carrying component one of many frequen-
cy estimation techniques (e.g. ESPRIT, MUSIC,
ML, etc.) could be applied to recover a single expo-
nential. The overall accuracy of the proposed method
is comparable with that of the widely used ESPRIT
method, if the latter is provided with the number of
exponentials in the signal. Furthermore, when the
model order (number of exponentials) in ESPRIT is
overestimated, the proposed method can reduce the
number of the false frequency estimates, as shown
by numerical examples.

One of the significant benefits of the proposed
approach is a way to distinguish false and true fre-
quency estimates using the pattern recognition. The
primary automatization of the pattern recognition is
completed by discarding noise-related components,
associated with the eigenvectors that have a modulus
less than a certain threshold A.. At the second stage,

the phase portrait and phase dynamics for the re-
maining components could be visually analyzed.
Images of associated with the true frequencies have
phase portraits resembling unit circles and phase
dynamics with zero or a minimal number of phase
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wrapping events. Closeness of the phase portrait to
the unit circle and mapping of the component back
to the original space could provide certain levels of
confidence that the component is associated with the
exponential or noise. False frequencies associated
with the phase portraits that have a random structure.
At the same time further research is needed to
produce a fully automatic pattern recognition
algorithm.

Finally, we note that under certain conditions the
proposed method could be generalized to estimate
exponentials in the time series where some meas-
urements are missing [44].

A Derivations of main mathematical results.
Proof of (7): Note that the cost function J defined
by (6) has the following representation

L= .
J(A)=tr TZE,(E,( =

k=0
=1tr I Z (Yk+1 —AYy )(Yk+l —AYy ) .
k=0

Considering the change of  variables

A= 1“11“51 + U, itis easy to see that the term corre-
sponded to the first power of U vanishes by the def-
inition of I'y and I'g; and the cost function is

J(A)= %tr{(xl— 05 X, ) (X, - Mg tXg )*} ¥
+%tr {uxoxgu*}.

Since the matrix I'g —WAW s non-negative
definite, the matrix of its eigenvalues
A =diag(Aq,...,Aq ) has only non-negative entries.

Therefore, introducing U = UW, we have

tr(Urou”) = tr(0AT") =

and hence the unique extremum exists at U =0, or

where V and A are matrices consisting the eigen-

vectors and eigenvalues of Q, respectively. Then
after multiplying (11) by the matrix V from the left
and exploiting the definition (9) of V, we have

VIOV +eRVIQV=A+:AR.  (12)
Note that since matrices I'y and I'; are second
degree polynomials with respect to ¢, the Taylor

series expansion of Q= Fll“al has all powers of ¢:

n o0
G-0+3 oM,
m=L1
and Q is an analytic function of ¢. From the theory
of Linear Algebra it is known that the eigenvalues

A of Q are analytic functions of ¢ and are given
by

R 0
A=A+ emam,
m=1
where A and A are the diagonal matrices contain-
ing eigenvalues of Q and Q respectively. By the
same argument, it is possible to prove that V and

hence R are analytic matrices too. Therefore, the
representation

R(s) _ z 8nR(rHl)
n=0

holds. Substituting this formula into (12) and equat-
ing the terms in front of the same powers of &, we
derive

RMA _ARM — A(M +G(n),
where
G(n) _ _V—lg(n)VJr

AR R0y,

Therefore
A=TTgh o
n
Proof of (9): Let the Jordan decomposition of Q is 3 Gij i
R R . A(n):_diag(G(n)), RI(Jn): 7\" —7\,1 ’ J
vig=Av? (11) o
0,i=]
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BnusiHme paccoriiacoBaHus NapamMeTpoB KBagpaTypPHbIX KaHaIoB
Ha paboTy afanTUBHOI CUCTEMbI CENEKLIMM ABUKYLLMXCS Lieneld
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AHHOTaUuA

BBeaeHue. PaccMoTpeHa paboTa afanTyBHOWM CUCTEMbl CeNeKUMN ABVXKYLLUMXCSA Leneld, NpeAcTaBaeHHOn oAHO-
KpaTHbIM YepecnepnoHbIM BbIYUTAIOLMM YCTPOMCTBOM. CUCTeMa cenekummn ABVXKYLLMXCS Lieneii BbinoHeHa
B BUJe ABYX KBajpaTypHbIX KaHaN0B, B KOTOPbIX BbICOKOYACTOTHbIE BXOAHbIE PAAMOCUIHaAbI MpeobpasyroTcs
Ha BMAe04acToTy.

Llenb pabothbl. MccnegoBaHme paboTbl CUCTEMBI CENEKLMN ABVXKYLLMXCS Lieneli B YCNOBUAX aMNANTYAHBIX 1 da3o-
BbIX PaCCOraacoBaHWi KBajpaTypHbIX KaHaNOoB.

MaTepuanel U MeToAbl. VCNonb30BaH MeTO/ KOMMIEKCHOM nepemMeHHON, Npu KOTOPOM BXOAHOW W BbIXOZ-
HOW CUTHaNbl aAanTUBHOWN CUCTEMbI CeNeKLN ABVXXYLLMXCA Liefileil NpeAcTaBNAoTCA B BUAE Napbl KOMMIEKCHO-
COMpPSIKEHHbIX COCTaBASFOLLNX.

PesynbTathl. MoayveHo BblpaXeHue 15 YacTOTHOW nepeAaTouHON GyHKLMM aAanTUBHOW C1McTeMbl NoAaBe-
HWSAX NACCMBHbIX MOMEX C MepecTparBaeMoli 30HON pexeKkL OTHOCUTENBHO CpefHeli YacToTbl crnekTpa no-
MeXO0BbIX CUIHaNoB. MccnefoBaHO BAUSHME NPAKTUYECKN HEN36EXHbIX aMMANTYAHBIX U $a30BbIX paccornaco-
BaHWNN XapakTepucTnK KBagpaTypHbIX KaHaNoB. MoyyeHbl BblpaXeHWs AN ANCMepCUn BbIXOAHBIX MOMEXOBbIX
CUTHaNO0B PACCMOTPEHHOWN CUCTEMbI CeNeKLMN ABVXKYLLMXCS Lieneli npu aMnanTyaHOM 1 ¢a30BOM paccoriaco-
BaHWAX KBaApaTyPHbIX KaHanoB. MpejcTaBaeHbl aHaNUTUYeCKMe COOTHOLLEHNS AN KO3GPULMeHTOB Nnojas-
NIeHNst MacCUBHBIX MOMeX. PaccymTaHbl M MOCTPOEHbI 3aBUCMMOCTU KO3GPULIMEHTOB NOAABNEHNS MOMEXOBbIX
CUTHaNOB B 3aBUCMMOCTI OT BE/IMUNHBI OTKNOHEHUSA KO3PPULMEHTOB Nepesaun KBaapaTypHbIX KaHanoB 1 ¢a-
30BOr0 PaccorjacoBaHWs OMOPHbIX HaMPSXEHWI A1A Pa3NNYHbBIX 3HAYEHUIA CpefHel YacToTbl chekTpa nac-
CUBHbIX NMOMEX.

3akoueHme. NokasaHa CyllecTBeHHast 3aBUCMMOCTb KO3pduLmMeHTa NoAaBNeHNS NMOMEXOBbIX CUTHANOB OT
NX CpeAHen YacToThbl, a TakKe aMMANTYAHbIX 1 $a30BbIX PACCOrIacoBaHNM KBaAPAaTYPHbIX KaHanos. MNpeanoxenr-
Has MeToAMKa UCCef0BaHNA NO3BONISET OLIeHUTb BAVSIHWE PacCcornacoBaHma KBaApaTypHbIX KaHanoB Ha pa-
60Ty CLUCTEMbI CenekLMn ABVXKYLLXCS Liefeid, MCronb3ytoLLei pexeKTopHble GUAbTPbl BbICOKMX MOPS AKOB.
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Influence of Mismatch of Parameters of Quadrature Channels on the Work
of the Adaptive Selection System for Moving Targets

Sergey |. Ziatdinov®
Saint Petersburg State University of Aerospace Instrumentation, St Petersburg, Russia

™ kaf53@guap.ru
Abstract
Introduction. The paper considers the operation of an adaptive selection system for moving targets, represent-
ed by a one-time multi-period subtractor. The system of selection of moving targets is made in the form of two
quadrature channels, in which high-frequency input radio signals are converted to video frequency. Goal. Inves-
tigation of the system of selection of moving targets in the conditions of amplitude and phase misalignment of
quadrature channels.
Aim. The study of the operation of the moving targets selection system in the conditions of amplitude and
phase mismatches of quadrature channels.
Materials and methods. The method of complex variable is used, in which the input and output signals of the
adaptive selection system for moving targets are represented as a pair of complex-conjugate components.
Results. An expression is obtained for the frequency transfer function of an adaptive passive noise suppression
system with a variable cut-off zone relative to the average frequency of the spectrum of interference signals.
The influence of almost unavoidable amplitude and phase mismatches in the characteristics of quadrature
channels is studied. Expressions are obtained for the dispersion of output noise signals of the considered sys-
tem of moving targets with amplitude and phase misalignment of quadrature channels. Analytical relations for
the coefficients of passive interference suppression are presented. The dependences of the jamming signal
suppression coefficients were calculated and constructed depending on the deviation of the transmission coef-
ficients of quadrature channels and the phase misalignment of the reference voltages for different values of
the average frequency of the passive noise spectrum.
Conclusion. The essential dependence of the jamming signal suppression coefficient on their average frequen-
cy, as well as amplitude and phase misalignments of quadrature channels is shown. The proposed research
method allows us to evaluate the effect of misalignment of quadrature channels on the operation of a moving
target selection system using high-order cutting filters.
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Beenenne. I[lpu pa3paboTke 3alUINEHHBIX OT
MACCUBHBIX TIOMEX CHUCTEM OOHApYKEHHsS U U3Mepe-
HUS TTApaMETPOB CHTHAJIOB, CUCTEM aBTOMATHUECKOTO
COIIPOBOXKJECHHUS MO JATBHOCTH, YIJIOBBIM KOOpPAMHA-
TaM U CKOPOCTH HCIIONB3YIOTCSI CHCTEMBI CEJIEKIIUH
newkymuxest uenei (COLY) [1]. Cucremsr CHII B
OOJILIIIMHCTBE TMPAKTUYCCKUX CIy4aeB CTPOSTCS IO
KOTepEeHTHOMY MPUHIIMITY B BUJE JBYX KBaJIpaTypHbBIX
KaHaJIOB CO CABUHYTHIMU IO (hase Ha 90° OnOpHBIMH
HanpspkeHusAMU [2—4]. JInsg momaBieHUs] MacCUBHBIX
MOMeX OT JBIKYIIUXCS OOBEKTOB, HAIPUMEP TAKHX,

KaK CHTHAIBI OT METe00Opa3oBaHMH, WM, B CiIydae
YCTAaHOBKHM KOTE€PEHTHOW paJMOJIOKAI[MIOHHON CTaH-
UK Ha OOPTY HOCHTEIIS, JJIS TIOIaBICHUS OTPaKEHHH
OT TOACTHJAIOIIEH MOBEPXHOCTH HCHOJIb3YIOTCS
ananrruBHbie cuctembl CJIL]. VX gacrtoTHbIe XapakTe-
PUCTUKH W3MEHSAIOTCS B 3aBUCHMOCTH OT YaCTOTHI
MACCHBHBIX TIoMeX [4—T7].

IocTranoBka 3agaum. CylecTBYIOUIMA aHAIN3
paboThI KOTEepeHTHBIX amanTuBHBEIX cucteM CJIL] Oa-
3UPYeTCs] Ha MCIOJIb30BAHMUA WICHTHYHBIX KBajpa-
TYPHBIX KaHAJIOB, B KOTOPBIX BBICOKOYACTOTHBIE CHUT-

26 Bausinue paccoriiacoBanus napaMeTpoB KBaJAPATYPHbIX KAaHAJIOB
Ha pa60Ty aI[al'lTI/lBHOﬁ CHCTEMBbI CCJICKIUHN ABHIKYIIMXCH lIe.]'leﬁ
Influence of Mismatch of Parameters of Quadrature Channels on the Work

of the Adaptive Selection System for Moving Targets
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HaJbl NepeHocITCa Ha BuaeodacToTy. Ha mpaxtuke
peanu3oBaTh aOCOJIIOTHO OJMHAKOBBIE KBapaTypHbIE
KaHaJbl KOTepeHTHON agantuBHOM cuctemsl C/ILL He
MPEJICTABIIIETCS BO3MOXKHBIM. KBaspaTypHbIe KaHa-
JIBI MOTYT UMETh Pa3InYHble KOAPPHUIMEHTH Tepe-
JlauM, a UCIOJIb3yeMble JJIsl IepeHoca MPUHUMAEMbIX
BBICOKOYACTOTHBIX CUTHAJIOB C PaJlo4acTOThl Ha BU-
JIE0YACTOTY OMOPHBIC HAIIPSDKEHMSI MOTYT UMETh (a-
30BBIA CIBUT, OTIMYHLIN 0T 90°. UHBIMM cllOBaMH, B
peanbhbix cuctemax CHL mpuCyTCTBYIOT aMILTUTYA-
HbIC U (ha30BBIC PacCOIIACOBAHUS KBAIPATYPHBIX Ka-
HAJIOB, YTO HEW30€KHO MPHUBOAHUT K CHIKCHHIO KO-
¢ dunMeHTa TOAABICHHS TACCHBHBIX ToMmeX. Mc-
CJIEZIOBAaHUIO BIUSHUS PAacCOITIacCOBaHUs apaMeTPOB
KBaJIpaTypHBIX KaHAJOB KOTE€PEHTHOW aJarTHBHOU
cucreMbl CJIL] Ha k03((UIMEHT MMOMABJICHUS Iac-
CUBHBIX ITOMEX IIOCBSIIIEHA HACTOSIIAS CTaThs.
YacTroTHasi XapaKTePHCTHKA KOIePEeHTHOMH
anantuBHoil cucrembl CII. Ha puc. 1 npusenena
CTPYKTypHasi CXeMa aJanTHBHOW KOTEPEHTHOH CH-
cremsl C/IL] B BHIIe OMHOKPATHOTO YEPECIEPHOTHOTO

Zy (),

Zyx (1) — KOMIUIEKCHBIE BXOTHOMN M BBIXOIHOM CHT-

BeluMTaromero ycrpoiicrea [8-10], rme

Hajbl COOTBETCTBEHHO; JI3 — JMHUA 3aAepKKU Ha
Bpems I, ®g — LEHTpaIbHAs 9aCTOTA 30HBI PEXKEKLIUH
komruiekcHoro ¢uimstpa cuctembl CJIL[. B umimyimsc-
HBIX CHCTEMAaX NEePUO]] yCTAHABIMBACTCS PaBHBIM 7.

B paccmarpuBaeMoil cUCTEME C MOMOIIBIO KOM-
TTeKcHOTO MHOKHTes € /007 OCYILECTBIISIETCA J10-
TOJTHUTENBHEIA TTOBOPOT (pasbl 3aJepKAHHOTO KOM-
MJICKCHOT'O BXOJHOI'0 CHUTHajJla Ha BCJIMYHHY (DoT
YacToTHas XapakTEPUCTHKA PacCMATPUBAEMOU CH-
ctembl C/IL] onpenensieTcst COOTHOIIEHHEM

W (jo)=1-e (@0)T
=1-cos| (o—ag)T |+ jsin[ (0—wp)T]. (1)

Ee ammimTyaHO-4acTOTHAs XapaKTEPUCTUKA UMEET
BUJ

W (@)=
- \/{1— cos| (o—ag )T}}2 +{sin[ (- (oo)T}}2 .
_ eioo

2, (1)

——

+ Zgpix ®
_>

Puc. 1. AnantuBnas cuctema CJIL]

Fig. 1. Adaptive system of the selection of the moving target

B pesynbrare npeobpaszoBanuii (1) momyuum:
sin(%Tj‘. )

U3 (2) cnexyer, 4To0, M3MEHSIS YaCTOTY (), MOXKHO

W(w)=2

cMemarh 30Hy pexxekiun cucremsl C/L mo gacrore,
COBMeMIasi €e CO CIIEKTPOM MaCCUBHOM ITOMEXH.

Bausinne oTkiI0HeHMs KOI(PPUIIHEHTOB Mepe-
Aa4¥ KBaJApaTypHbIX KaHAJI0B Ha K03 duuuent
TO/IaBJIEHUs] MACCUBHBIX moMeXx. J[nsi paccmarpu-
BaeMOI MOJIENIN BBIXOJHbIE KOMIUIEKCHO-COIPSHKEHHBIE
TIOMEXOBBIE€ CHUTHAJIBI KBaJAPATYPHBIX KaHAJIOB 3aIlv-
mreM B Buze [11, 12]

Uy (1) =U (D) cos[ oyt + g (1) ] =U (Dcosp(t);
uy (1) =kU (Dsin[ wyt + o (1) | =kU (Dsino(t),

e U(t), og(t) — dmokrynpyromme ammmuryna u
HavanmbHas ()a3a KBAAPATypPHBIX TIOMEXOBEIX CHTHAJIOB;

®; — CpemHsAs 4acToTa; o) = oLt +¢q (t);
k=1+Ak (AK — aMIUIUTyIHOE paccOrIacoOBaHUE
KaHaJoB).

Haiinem KoppessAiuoHHy0 (QYHKIMIO KOMILIEKC-
noro curnana z(t)=uy (t)+ juy (t) [12]:

B,(t)=z(t)z (t—1). (3)
3nech
z(t) =U (t)cosp(t) + jkU (t)sing(t);
7 (t-1)=

=[U(t-1)cosp(t—1) - jKU (t—t)sinp(t—1)],

e cumBoa "*"

HOCTb, YepTa CBEPXY — CTATUCTHYECKOE YCPEIHEHHE.
IMocne moacranoBku B (3) Bemmunubl K =1+ AK
Y TIPOBEJICHNUS TPOMO3/IKUX PE0OPa30BaHHIA MOTYYHM:

03HAYaC€T KOMIUICKCHYIO COIIPSKCH-

B, (1) = 2Ak? By (1) +2(1+ AK) By, (1), (4)

e

Bgew (1) =U (DU (t—1t)cosp(t)cosp(t —1) =
=U (U (t-1)sine(t)sinp(t—1) =
ZGZI’(’E)COS((DHT); (5)

Beon (1) =021 (1)[ cos(wyT) + jsin(w,t)] (6)

— KOPPECIAINOHHBIC (1)YHKLII/II/I IIOMCXOBOIr0 curHala,

e o2, r(t) — ancrepens u ornbaromas Kod(PH-
IMEHTa KOPPEIAIMH TIOMEXOBOTO CHTHANA COOTBET-
CTBCHHO.
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C yuerom (1) KOMIUIEKCHBIA BBIXOAHOH CHTHAJ
paccmarpuBaemMoii cuctembl C/IL MoxHO 3amucarb
CIIeAYIONIM 00pa3oM:

Zppix (V= Zpx ()~ Zgx (t —T)ej(”OT.

Torma koppensuuoHHas (YHKIWS CHTHaIa Ha
BeIxozie cucteMbl CJI1I Oyner paBHa

Byorx (1) = Zgx Dz (1 —1=T),  (7)
rae
Zyo (1) = 2 (D — 25 (t—T)eIT;
Zy (t—T-T) =2, (t—1)— 2z, (t —1-T)e ool

ITocne HecnmoXHBIX MpeodpazoBanuii (7) MpUHH-
MaeT BHJI

BBH)?(t):ZBZ(T)— _
—B, (1—T)el®T _B,(T+r)e7 1T (8

IMonoxus B (8) t=0, Haiimem aucnepcuio BbI-
xonHoro curHana cucremsl CJLL:
Oppix =

=2B,(0)=B, (-T)el®" _B, (T)e ™" (9)

IMoxncrasue (4) B (9), ¢ yuerom (5), (6) mocrne
IPOMO3IKHX BBIKJIAJOK MOTYUYHM:

Ggmx = 402 (Akz {1— 0.5r(T)x
x[[cos (o + 09 )T +cos (e — 9 )T ]} +
+(1+ AK)[ 1= (T)cos(w, — )T ]).

W3 nomy4eHHOro BBIpAXKEHHS CIEAYET, YTO MOSB-
JIEHWE aMIUITTYIHOTO PAacCOIIacOBaHUS KBaJpaTyp-
HBIX KaHAJIOB MPUBOAUT K YMEHBIICHHUIO TTOJIaBICHUS
naccuBHOU nomexu. KoadduimeHT noxasneHus mnac-
CHBHOH ITOMEXH OIPEEIINM CIEAYIONIIM 00pa3oM:

2
Kron :42L —(AKZ{1-0.5r (T)x
GBBIX
X[ cos(wy + o )T +cos(wy —wp)T |} +

+(1+ AK)[ 1= (T)cos( oy, —mO)T])_l.

J1l KOHKpETU3aluu pe3yabTaToB BOCHOIb3YyEeM-
Csl TayCCOBOM MOJENBI0 KOPPESIIUOHHON (DYHKIMN
naccuBHOU momexu [13-15]:

22
Boer (1) = e 05A0nT cos (1),

Ha puc. 2 npeactaBieHbl 3aBUCUMOCTH KO3 u-
LIMEHTA TOJIaBJICHUS TTACCUBHOM TOMEXH OT BEJIHYH-
Hbl aMIUTMTYIHOTO PacCOIIaCOBaHUS KBaJpaTYPHBIX
xaHanoB (Ak) amanruBHO#M cuctemsr CLI ms pas-
JUYHBIX 3HAYeHUH CpelHeil 4acTOThl CIEeKTpa Mac-
cuHoi momexu ( f;). Ilpu pacuerax momaranocs,
4yTO 30Ha pexxekuu cuctemsl CILL Touno HacTpoeHa
Ha CPEIHIOI0 YacTOTy CIEKTpa IacCHBHOM MOMEXHU
®g =®y; MUPUHA CHEKTpa IIaCCUBHOH IOMEXU
Af, = Aoy, / (2n)=2 I'n; nmepron nmosiBIEHUs TOMEXH

T =1/F,, adacrora ee nosiBienust F; =1200 I'm.

Kion: 2B f, =0 50 I'y

40—

100 I
35—
200 I'g
30—
25 | | |
0 1 2 3 AK, %

Puc. 2. IlogaBnenne nacCHBHON MMOMEXH IPU aMIUTATYTHOM
paccoriacoBaHUM KBaJPaTYPHBIX KAHAIOB

Fig. 2. Suppression of passive interference with amplitude
mismatch of quadrature channels

[Tony4yeHHble pe3ynbTaThl CBUIETENBCTBYIOT O
3HAYUTEIPHOM BIUSHUU AMILTUTYIHOTO Paccoryiaco-
BaHUS KBaJIpaTypHBIX KaHAJIOB Ha ko3(dumueHT mo-
JIaBJIEHUS TIOMEXOBOTO CUTHAJIA.

Bausinue ¢a3oBoro paccoriacoBaHusi Omnop-
HbIX HANpPSKeHWH KBaJApaTypHbIX KAaHAJI0B Ha
KO3((pUuMEeHT NOAABJIEeHHA MACCHBHBIX IOMeX.
AHaJOrM4HO paHee pacCMOTPEHHOMY CIydaro 3alu-
IIeM BBIPAKEHUS U1 KOMIUIEKCHO-CONPSKEHHBIX
COCTABJISIIOLIMX TIOMEXOBOTO CHUTHajla Ha BBIXOJE
KBaJpaTypHBIX KAaHAIOB IIpH (a30BOM paccoriaco-
BaHUM AQ MX ONOPHBIX HAIPKCHUN:

Uy (1) =U (D) cos| @yt + g (1) ] =U (D cosp(t); (10)

Uy (t)=U (t)sin[(ont +¢q (1) + A(p] =

=U (Dsin[o(t) + Ag]. (12)

Bocronb3yeMcs TPUTOHOMETPHYECKMM COOTHO-
mennem  Sin(a+B)=sina.cosB+ cosasinB. Torma

seipakenus (10), (11) mpuBoasTest K BULY
uy (1) =U (t)coso(t); (12)

Uy (t)=U (t)[sin o(t)cosAg + cosq)(t)sinA(p]. (13)

28 Bausinue paccoriiacoBanus napaMeTpoB KBaJAPATYPHbIX KAaHAJIOB
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Ha npaktuke ¢a3oBoe paccoriacoBaHue He mpe-
BBIIIACT EIUHUII IPAIyCcoB. B 3THX YCIOBUSIX mpu-
MeM JIomyiieHust COSAQ ~1; SiNA@ = Ag. C yuetom
JaHHBIX COOTHOIeHUH Beipakenus (12) u (13) mpu-
HUMAIOT BHT

Uy (t) =U (t) cos p(b);
uy () =U (D[sing(t)+Apcoso(t)].
Haiinem koppensiuoHHy0 (QyHKIIHIO KOMILIEKC-
Horo curnana z(t) =uy (t)+ juy (t):

B,(1)=z()z" (t-1), (14)

rae

2(t)=U (Dcose(t) + jU ()[sing(t) + Apcosp(t)];

Z*(t —1)=U(t-1)cosp(t—1)—
—jUt-1)[sine(t—1)+Apcoso(t—1)].

Cootnomenne (14) mociie rpoMo3aKuX mMpeodpa-
30BaHMi B CKaToil (JopMe MOXKHO 3aMicaTh B BUIE

B, (1) = A@?Byey (1) + 2By (1), (15)

e, Kak u pamee, By (1) m By, (1) ompenens-

forcst (5) u (6) COOTBETCTBEHHO.

HUcnonssys (5), (6), (9), (15), mocme Heobxomm-
MBIX MPe0oOpa3OBaHUM MOJYYUM COOTHOIIEHHE IS
JIMCTIEPCUH BBIXOJHOTO MOMEXOBOTO CHUTHAJIA CHCTE-

bl CJIL:

Ggmx =2B, (0)- B, (—T)ej“)OT -B, (T)e—ijT _
= 2A(|)262 X
x{l— 0.5r (T )[cos(mn + 09 )T +cos(og —og)T }} n
+46? [1 —r(T)cos(ay —mO)T}

B wurore xoadduitneHT nonaBieHUs MacCUBHOMN
MIOMEXH COCTaBHT

_ 402
nom — 2
OBpIx

x| cos(wy; + g )T +cos (e, —wy )T]} _

K (0.589262 {1-0.5r (T) x

e [1— r(T)cos(wy — g )T])_l

Ha puc. 3 npencraBineHbl 3aBUCEMOCTH KOA(DH-
LMEHTA TOJABJICHHs MACCHBHON ITOMEXH OT BEJIMYH-
HBI (Pa30BOTO PACCOTIIACOBAHMUS KBAIPATYPHBIX KaHa-
noB (A@) paccmarpuBaeMoii ajanTHBHONW CHCTEMbI

Biausinue paccorjiacoBanusi mapaMeTpoB KBaApPaTypHbIX KaHA/I0B

| | |
0 1 2 3 Ag, ..°
Puc. 3. IlopaBnenue naccuBHOII moMexu npu (Ha3oBOM
paccoriacoBaHUM KBaIpaTyPHBIX KaHAJIOB

Fig. 3. Suppression of passive interference with phase
mismatch of quadrature channels

CALl mia pa3nuyHbIX 3HAYEHUH CpelHed 4YacTOTHI
CIIEKTpa IMACCUBHOW TMOMeXH. PacueTsl TpoBeneHBI
IIpU TEX K€ YCJIOBUAX, KOTOPbIE MCIIOIb30BaHbI IPU
MOCTPOCHUU pHC. 2.

OO0cy:xneHue pe3yJbTaTOB. AMIUTUTYIHOE |
(a3oBoe paccoriacoBaHMs KBAJAPAaTYPHBIX KaHAJOB
agantuBHOW CJ/IL] oka3bIBalOT CyIIECTBEHHOE BIIHSA-
HUe Ha K03 HUIMEHT oxaBICHHUS TACCUBHOM TTOMe-
x". B ciaydae oTkIIOHEHUS KOA(PPHUIIMESHTOB Mepeaadn
(Ak) Ha 1% u U3MeHeHHH cpelHel YacTOTHl Iac-
cuBHOIl momexu B mpenenax 0..200 I'm xoaddurm-
€HT IIOJaBJICHUs NTAaCCUBHOM MTOMEXHU YMEHBILAETCS C
42 no 37 nb. llpu Ak =4% xoaddunment nomgas-

nenud magaer ¢ 42 mo 29 nb.
®da3oBoe paccomiacoBaHUE OIMOPHBIX HAIPsDKe-

Huii (A@) Ha 1° M W3MeHeHME CcpelHEH YacTOTHI

naccuBHoi noMexu B npezenax 0...200 I'n npusoast
K YMEHBIICHHIO KO3(QHINCHTA MOAABICHHUS Iac-
cuBHOM Tiomexu ¢ 42 o 37 ab. [Ipu A =4° koad-

¢unmenT nogapnenus naaaet ¢ 42 go 25 nb.
3akiaouenue. K kauecTBy HacTpoHKu KBajpa-
TYPHBIX KaHaJIOB afantuBHO# cuctems! C/ILL mpens-
SIBIISIOTCSL JKecTkue TpeboBanua. Hammume ammu-
TYOHBIX H (Pa30BBIX OTKIIOHEHHH XapaKTEPHCTHK
KBaJIpaTypPHbIX KaHAJIOB MPUBOAUT K JOCTaTOYHO
CYIIECTBEHHOMY YMEHBIICHUI0 KOA(PPUIMEHTa M0-
JIaBJICHUS TIACCHUBHBIX MOMEX. Tak, MpH OTIMYUH KO-
3G GUIMEHTOB TIepeIaynd KBaJApaTypHbIX KaHAJIOB Ha
4 % v3MeHeHne cpeTHel YacTOThI TACCUBHOM TTOMEXH
¢ 0 mo 200 'l mpUBOIUT K YMEHBIICHHUIO KO PHIIU-
enta nojasnenus Ha 13 ab. IIpu ¢a3oBoM oTKIOHE-
HHUM OTIOPHBIX HampspkeHHH Ha 4° xoadunueHt no-
JIaBJIeHHUS TaCCUBHOM MoMexu yMmeHblaercs Ha 17 ab.
[IpencraBneHHbie B HACTOALIEH CTaTbe MaTepua-
JIBI MOTYT CIIY’)KUTh PEKOMEHAAIUSAMHU TI0 HACTPOMKE
KBaJIpaTypHbIX KaHAJIOB afanTuBHOM cuctembl CLL.
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AHHOTauuA
BBepeHue. B HacToswee Bpems cucTeMbl $pa3oBoi cMHXpoHm3aumm (CPC) HaxoaaT LWMPOKoe NpruMeHeHue: oT
ONTUMaNbHOro NpYemMa CUrHan0B 1 CMHTe3a YacToT A0 aBTOMAaTUYeCKOro ynpas/ieHns pacnpegeneHem ¢as B
$asnpoBaHHbIX aHTEeHHbIX pelleTkax. OAHON 13 NPOCTerLLNX CTPYKTYp ABASETCH MHOrokackaZHas (Lenoyvey-
Has) CPC, koTopas MOXeT cofepXaTb cneLmansHO NogobpaHHY MHOMOCBSA3HYHO LieMnb yrnpaBaeHus. Takume Kac-
KagHble CPC HalM LUMPOKOe MPUMEHeHMe B psaje 3ajay Teopumy onTUManbHbIX OLLeHOK, MHOTOMO3ULMOHHOW
¢dazoBoit Tenerpadumn, NPU CUHXPOHU3ALMN MHOTUX MOACTPaNBAEMbIX FTEHEPaTOPOB C COXPaHeHWeM 3a/aHHbIX
$a30BbIX COOTHOLLEHWNI MeXAY X KonebaHnaMu n ap. AKTuBHo COC npuMeHsoTcs B pagnodusimke Kak B aHa-
JIOrOBOM, TaK 1 B LMGPOBOM UCMOAHEHNN. OLHUM N3 NepCnekTVBHbIX HanpaBNeHW Pa3BUTUSA KONNEKTUBHbIX
CPC sBnseTca nccnegoBaHne aHcambnen HelipoMopdHbIX ceTel, MOCTPOeHHbIX Ha ocHoBe COC.
Lienb pa6oTbl. MonyyeHre BOHOBbIX aHaNOroB, XapakTepusyoLwmx KonnekTneHyto COC He Kak ANCKPETHbIN
aHCcamb/b, a Kak CNIOLLHYIO (pacnpesenieHHy) cpeay.
MaTtepuanbl n metoabl. [peacTaBneHa Mojenb OAHOHanpasBAeHHON (6e3 uenel B3aMMHOMO yrnpaBiaeHus)
KackagHoW cTpykTypbl COC.
Pe3synbTaTthbl. HalijeHbl BONHOBbIE aHaNOMM KackaZHO-CBA3aHHbIX CMcTeM $a3oBOV CUHXPOHM3aLUMK, He coaep-
Xalyx uenei B3aMMHOro yrnpaeneHus. MNofiyyeHo pelleHve ypaBHeHW BOIHOBLIX aHAaNoroB, a Takxke npej-
CTaBNeHO A0Ka3aTeNbCTBO CNpaBes/IMBOCTM NONYHEHHOro NPUBANKEHHOMO peLleHs B CPaBHEHUN C TOUYHbIM.
3akntoueHue. NokasaHo, YTo BbiIbopoM GuAbTPa B Lenn ynpaBiaeHns KaXaon OAHOKOHTYPHON CXeMbl C pas-
JINYHBIMU KO3 dMLUMEHTaMK Nepeaadt MOXHO Noay4vaTb pa3HO06pasHble TUMbl CMIOLLHBLIX CPej AN BOSTHOBbIX
aHanNoroB LernoyeyHblx CTPYKTYp Ha ocHoBe COC.

KnroueBble cnoBa: cvctembl $a3oBOM CUHXPOHM3aLWK, YII0Bast MOAy LM, $a3oBbI ANCKPUMNHATOP, BOSHO-
Bble aHanory, 3agepxka pagnocmrHanos
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Abstract
Introduction. At present, phase locked loops (PLLs) are widely used: from optimal signal detection and frequency
synthesis to automatic control of phase distribution in phased scanned arrays. One of the simplest structures is
a multi-stage (chain) PLL, which may contain a specially selected multi-connected control circuit. Such cascaded
PLLs have wide application in solving a number of tasks of the theory of optimal estimates, multi-position phase
telegraphy, in synchronizing of many tunable generators while preserving specified phase relations between their
oscillations, etc. PLLs are actively used in radio physics both in analog and digital versions. One of the promising
directions for collective PLLs development is the study of ensembles of neuromorphic networks based on PLL.
Aim. To obtain wave analogues characterizing the collective PLL not as a discrete network, but as a continuous
(distributed) media.
Materials and methods. An unidirectional model (without mutual control circuits) of the cascade structure of
the PLL.
Results. Wave analogues of cascade-coupled phase synchronization systems that do not contain mutual control
circuits were found. A solution of equations of wave analogues was found. A proof of validity of the obtained
approximate solution in comparison with the exact one was presented.
Conclusion. It was shown that by selecting a filter in a control circuit of each single-circuit circuit with different
transmission coefficients, it is possible to obtain various types of continuous media or wave analogues of chain
structures based on phase synchronization systems.
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BBenenue. Cuctembl (ha3oBOi CHHXPOHHU3AIUH M OJTHOHM BBIXOJHOM

(COC) wupoKo TPUMEHSIOTCS B pa3IU4HbIX YCTPOM-

cTBax (pOPMUPOBAHUS ¥ 0OPAOOTKH PaUOCHUTHAIIOB C Ugyt (1) =U gyt (D)sin [(Pout (t)]

yrioBoii Mozysnmeit [1-3], cuntese gacror [2], omn- koopaunHatamu (puc. 1, a). Texymme ¢a3pr koneda-

TUMaJBbHOM npueme curHanoB [1] w t. x. Tumosas - nozcrpansaemoro rereparopa (1) gyt (t) 1

C®C mpencrapnseT cob60ii OOBIYHO OAHOMEPHYIO CH-
. N BXOAHOIO CHMTHalIa Ojp (t) cpaBHuBalOTCA MeXIy
cTeMy (ha30BOTO YIPABICHUS C OXHON BXOIXHON

coboit B azoBom muckpumuHarope (D), a memp
Uin (1) =Ujp (t)Sin[(Pin (t)] ynpasnenus (1Y) ¢ oneparopHbiM k03bPUIIIEHTOM
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Fig. 1. Block diagrams of a one-dimensional (a) and multi-dimensional (6) phase synchronization system

nepenaun K (p) (omeparop p=d/dt) cayxur ma

IPHAHKS. CHCTEME HEOOXOAMMBIX JIMHAMHYECKUX
CBOJCTB.

Beens Texyuryro pasHocTtb (a3 Ha dazoBom juc-
kpumunarope @(t) = @yt (t) — @i (t) 1 0Go3nauus

uepe3s F[@] ero 6espasmepnyro 27 -nepuommuec-

KYI0 XapaKTEepUCTHKY, MOXKHO IIONyYHTh CTaHIApT-
HyI0 3armuch nuddepermansaoro ypapHenus COC
o cxeme puc. 1, a [2]:

pe+QK (p)F[o]=wg - pein, (1)

rme Q=SE — Haubonblias KOPPEKTHUPYIOIIAs pac-
CTpOiiKka, BeIpabaThiBacMas B cucTeMe (S — KpyTH3HA
JIMHEAPU30BAHHON MOIYSIIMOHHON XapaKTEPUCTHKH
ynpasurens yactotsl I1I'; £ — HanbosnbIee Hanpsoke-
HHe, BeIpabaTbiBacMoe Ha Bbixome DJI); wg — coO-

CTBeHHas yactora csoooxunoro I1I.

C nmomompto (1) MOKHO HCclenoBaTh OONBIIOE
YHCITO 33]1a4 CIIKEHUS 3a 4acTOTOH niu (pa3oit BXoa-
HOTO CHTHAJa, OIHCATh MPOILECcCH (Pa3oBOi CHHXPO-
HU3AIllUU B YCTPOMCTBAX, UCTIONB3YIOIINX PaIHOCHUT-
HaJbl C yriIoBoW Moaymsiueii [1]. [Ins mpakTudeckux
NpuIoKeHn! 1aBHOe qocTtonHcTBO COC mepen cro-
cOo0OM HETIOCPEICTBEHHOTO 3aXBATHIBAHHS aBTOTCHE-
paropa BHEITHUM CUTHAJIOM COCTOMT B HAJTMUUH LEH
yIpaBlleHHs, TO3BOJSIONICH MpeoOpa3oBaTe Hampsi-
xenne ommOku €(t) B mo6oi sKemaeMblif cHUrHam
ynpasienus g¢(t) (puc. 1, a).

Opnako mpocreiimium COC, MOCTPOEHHBIM IO
OJHOKOHTYPHOH cXeMe puc. 1, a, mpucyiu npoTuso-
peurss TpH TONBITKE YIOBICTBOPUTH PAa3TUYHBIM
TpeOOBAaHMSIM K XapaKTEPUCTUKAM CHCTEMBI — OOJIb-
LIOH II0JIOCE 3axBaTa, Majioli BEPOATHOCTHU CphIBa
CIIC)KEHUSI, BBICOKOMY OBICTPOICHCTBUIO, MAJIOH IIy-
MoOBoi#l mosnoce u T. 1. [1]. Cpenn MHOTHX TIpeia-
raBIIMXCA B JuTeparype [4—6] myreil ocnabnenus
yKa3aHHBIX MPOTUBOpPEUN Hauboliee MEepPCIeKTHB-
HBbIM, Ha Halll B3MJIS, SIBISICTCS IeJICHATIPABICHHBINA
mepexon K KOJUIEKTHBHOMY (Da30BOMY VIIPABICHHIO
aHcamOJieM MHOTHX TIOJICTPauBaeMbIX aBTOT€HEPATO-
poB. Takoe ympapieHHE HCIONB3YeT OOIIHe, MOBTO-
psromuecs: cBoiictBa otaenbHeIX 1IN M mosBonser

YCTPaHUTH HEKOTOPBIE U3 MIEPEUNCICHHBIX OTpaHuYe-
HUMN, cBOMCTBEeHHBIX OAHOKOHTYpHBIM CDC. Kpome
TOTO, MPH KOJJIEKTHBHOM B3aWMOIECHCTBUM MHOTHX
[T" MmoXHO peanu30BaTh COBEPIIICHHO HOBBIE, CIICIIN-
¢uueckue peXUMBI, HENOCTYIHBIE B OXHOMEPHBIX
CoC.

[TpumMeps! aHaTU3a pa3IUYHBIX CTPYKTYP KOJIJICK-
TuBHBIX CDC nanbl B [4-6]. OnHOI U3 MpoCTeHIINX
CTPYKTYp SIBISICTCS MHOTOKAacKamHas (IIeTovevHas)
C®DC, xoTopasi MOXKET COAEPIKaTh CHEHUAIbHO MO0~
OpaHHYI0O MHOTOCBSI3HYIO IIeIb YIpaBieHHs. Takwe
kackaguple COC HalIM IUPOKOE MPUMEHEHHE B
psize 3a1a4 TEOPUH ONTUMAIBHBIX OLIEHOK, MHOTOIIO-
3MIIMOHHOM (a30Boi Tenerpaduu, MPU CHHXPOHH3A-
uuu MHorux [1I" ¢ coxpaneHneM 3aaHHbIX (Pa3oBbIX
COOTHOIICHUH MEXKAY UX KOIeOaHUsIMHU, B YaCTHOCTH
JUTSL 3371a4 CIIOXKEHUsI MOIHOCTeH [7] v ap.

K coxanenuro, METObI aHAJIN3a KOJJIEKTHBHBIX
C®C, npumeHeHHbIE B [6, 7], OCHOBaHBI HA PaCCMOT-
pPEHUH TMCKPETHOTO aHCaMOJIsl, COCTOAIIETO U3 KO-
HEYHOTO YHCIIa OTIACTHBHBIX (maprmaibHeix) COC,
00bEAMHEHHBIX IO OMpPEAEICHHBIM MPaBUIaM B TOT
WIM VHOM B3auMOAEHCTByromuil komnektus. Ilpu
JIUCKPETHOM PacCMOTPEHWH HeOONbIIoro Habopa
COC ne nposBiAoTcs (PyHAaMeHTaJIbHbIE BHYTPEH-
HUE CBOWCTBA, MPUCYIINE JTAaHHOMY KOJUIEKTUBY IPH
3HAYMTENHLHOM YHCIIE MapuuanbHbex sueek N > 1.

Henpio HacTOsILIENW CTAaThU SIBISIETCSI PAa3BUTHE
TEOPETUKO-BOTHOBOTO TTOXONA K KOJUICKTHBY B3aH-
MonerictByomux COC, T. e. onpeneneHne TakKUxX €ro
BOJIHOBBIX QHAJIOTOB, KOTOPBIE XapaKTepU30BaIN OBl
kouiekTuBHYI0 COC He Kak JUCKPETHBIA aHCaMOIIb,
a Kak CIUTONIHYIO (pactpeeNieHHYIO) Cpeny.

[TockonbKy Teopusi CIUIOLIHBIX Cpel ONEpUpyeT
anmaparoM TuddepeHITUaIbHBIX YPaBHEHUH B YacT-
HBIX TIPOM3BOJHBIX, CTABUTCS 3a/a4a OTHICKATh CIIO-
co0 mepexoia OT OOBIYHBIX CHMBOJIMYECKUX YPaBHE-
HUH [UTT TUCKPETHBIX KOJUTeKTHBHBIX COC K afekBart-
HBIM BBIPDOKCHUSM B YaCTHBIX MPOU3BOAHBIX. Takwe
COOTHOIIICHHUSI TIO3BOJISIOT, MCIONB3YS KiacCH(HKa-
nuio U depeHIualbHbIX YpaBHEHHH B YaCTHBIX
MIPOM3BONHBIX, YCTAHOBUTH BO3MOXKHOCTH peain3a-
i B KOIWIEKTHBHBIX COC pexuMOB, TOXOXKUX
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Ha TIPOLIECCHI B paclpeieeHHBIX KoJieOaTeNbHbIX CH-
CTeMax, ¥ BBISCHHTH IEPCIIEKTUBHOCTD TOCTPOCHUS
Ha 0a3ze TaKUX CTPYKTYp YCTPOWMCTB TIEPEMEHHOM 3a-
JIEP’KKHU PAIUOCHTHAJIOB C YIIIOBOM MOAYISIIEH.

BonHoBBIE cpenbl, TOCTPOEHHBIE Ha OCHOBE Kac-
KaJIHOTO COEIMHEHMSI KOJIeOaTeIbHbIX CUCTEM, UCCIIC-
IYIOTCSL AJIs 3a7a4 TMOCTPOEHUS YIPaBIIIEMbIX MeTa-
Marepuanos [8—10], ceteil HaHOpa3MEPHBIX OCLIUIIIS-
TOPOB IJIsl HEWpoMOpHBIX BbrumcieHud [11-15] u
CJI0’KEHHSI MOIITHOCTEH [7].

BoanoBble anagoru kackagHoi C®C, He co-
JAep:kamieil memeil B3amMHOIO ymnpasjeHusi. Pac-
CMOTPHM HEOTPaHHUYEHHYI) KOHEYHBIM YHCIIOM Kac-
KaJIOB MPOCTEHIYI0 HENOYKY MOCIEI0BATEILHO CO-
enuHeHHBIX nmapuuanbHbeIXx COC (puc. 1, 6), kaxnas
13 KOTOPBIX COAEPIKHT JIUIIIb 3JIEMEHTBI, COCTABIISIO-
1Iye CTaHAapTHOE KOJIBIIO 0 THITY puc. 1, a. B Takoi
CTPYKTYpE  BBIXOAHOW  CHUTHAJ Kackaja

Ugutn =Youtn SINPgytn ABIAETCA BXOAHBIM CHUTHA-

n-ro

nom s (n+1)-ro kackana nenouednoit COC. IMox-
YepKHEM, YTO HUKAKUX JPYTHX MyTed Ui CBs3el
MEXKIy KacKaJaMy He MpeIIoliaraercs, T. €. OTCYT-
CTByeT OOMEH WH(OpMaluedl O CUTHaIax ONIHMOOK
MEXKIY NapluaJIbHBIMU CUCTEMAaMU Y€PE3 LICTTU B3aUM-
HOI'O YIIpaBJICHHS.

CocTaBUM BBIPXEHHS, ONHCHIBAIOIINE PacIpo-
CTpaHEHHEe IMpoIecca BO3MYIICHUs (a3bl KoJeOaHnH
MOJICTPANBAEMbIX ABTOTCHEPATOPOB BJOJNb ILEHOYKH
napuruaJbHBIX CUCTEM. HpI/IMeM, 4TO 10 moJaa4u Bapu-

anu asel Vi, () Ha Bxos nepBoro kackaza B 1emNo-

YEYHOU CTPYKTYPE YCTAHOBUIICS CHHXPOHHBIN PEKIM
MO, BO3ACHCTBHEM MOHOXPOMAaTHYECKOTO BXOIHOTO
cursana, a Bapuanuu ¢dassl V(t) B kackamax Gynem
CUUTATh MaJbIMH HACTOJNBKO, YTO JAOIYCTUMA JINHEa-
pu3anus HeJuHeHoro auddepeHnnanbHOro ypaBHe-
uus (1) mapuuansaex COC.

O0603HaunM TeKyIyr Bapuanuio (aspl Komeda-
Hud III' n-ro xackaga OTHOCHTENBHO CHHXPOHHOIO
3HaYeHns yepes V(N) U 3ammImeM cOOTBETCTBYIOIIYIO
BapHaImio 9acTotsl 3Toro [1I (T. €. mpou3BOAHYIO Ba-
puanuu ero ¢aspr):

pv(n)=-S(n)g(n), 2)

rae S(n) — B3aTas co 3HAKOM «MUHYC» KPYTH3HA MO-
oynsauuoHHoi xapakrepuctuku IIIN n-ro kackana;
g(n) — npupaieHve HampsHKEHUs HAa BXOIE €O
YIIPABUTENS YaCTOTHI, KOTOPOE CBS3aHO C MpHUpAIle-

HueM curHaia omuOku e(n) na Beixome DJI maHHO-

ro Kackajaa 4epe3 OneparopHbli Kod((HULIMEeHT mepe-

maan K (P, N) wenm ynpaenenns cueayrommm oGpa-

g(n t)=K(p, nje(n, t). (3)

Ilpupamenne e(n, t) BBIYUCINM, JIMHEAPU3YS

xapakTepuctuky ®JI B OKPECTHOCTH TOUKH CTaI[HO-
HapHOTO CHHXPOHHOTO peXnMa:

e =EMF' (N[v(n)-v(n—an)], @

rne F'(n) — xpyTu3sHa HOPMHUPOBAHHON XapaKTepH-
cruku ®JI mamnoro kackanma;, E (n) — wauGonbruee
3HAYE€HHUE €TO BBIXOIHOTO HaNpsHKEHUS.

Bripaxenne v(n)—v(n—An) mpencrasnser co-
Ooii pazHocTh Bapuanuii (asel konaedanuii I1I7 n-ro u
(n—1) -ro xackaznoB, NpUYeM MpHpalIeHe HoMepa An
COOTBETCTBYET IIE€peXoqy K COCeJHEMY KacKamy
(T. e. pakTHUECKH H3MEHEHHUIO HOMEPA /1 Ha SIMHHMILY ).
Takoe 0003HaYeHHE BBEACHO JIJIs1 TOTO, YTOOBI B 1aJIb-
HelmeM ynoOHO caenaTh MpeaeTbHEIA Iepexo, 3aMe-
HUB JHUCKPETHYIO IenoueuHyro cTpykrypy COC
CILJIONITHOW PacIpeeICeHHON CTPYKTYPOH.

O6bvenunuB (2)—(4), nony4um:

—pv(n) =K (p,n)Q(n)x
xF'(n)[v(n)=v(n-An)]. (5)

Amanornunoe Bbipaxkenue nomyanm st (n+1)-ro
Kackaza, 3ameHuB 7 Ha (N+An):

—pv(n+An)=K(p,n+An)Q(n+An)x
xF'(n+An)[v(n+An)-v(n)]. (6)

Berurem (5) u3 (6), cunurtas mapameTpbl #-TO |
(n+1)-ro KackaoB He Pa3IMYAIOMUMUCS (OHH COB-
nanaot npu An — 0), ¥ 3aMeHNM Jialiee B PasHOCTHBIX

npouenypax (n—An) na n. Torma nomyuum:

—plv(n+2An)—v(n+An)] =
=K(p,n)Q(n)F'(n)x
x[v(n+2An)—2v(n+An)+v(n)]. 7)

YToObI COBEPIINTD MTpEeNIbHBIA MePeXo OT pas-
HOCTHBIX ypaBHEHHH K Au(QepeHInaTbHbIM, 3aMe-
HUM COCE/IHHUE 3HAYCHUS BapHalMid, UCTIONB3YS (op-
MaJIbHBIH preM AndpepeHnInanTbHOTO HCUUCTSHHS:

v\,

vin+An); v(n)+

HpI/IMCHI/IM TOT K€ IIPHUEM K CJ'ICI[yIOHIeI\/'I Bapuanuuu:
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a%v(n)
T2
on

v(n+2An); v(n)+2 (An)?

ov(n)
Al
on
DT 3aMeHbI peoOpa3ytoT (7) K BUIY, coaepka-
HIEMY YaCTHBIC TIPOU3BOIHBIC 10 HEMPEPBIBHOM KOOP-
JIHATE 1.

2
6V(n)An4-a V(n)(An)2

6n2

0 v(n)(A )2 ®)
on?

—t(n)p

=K(p, n)

rre t(n)=1/[Q(n)F'(n)] — nocrosuuas Bpemeru
n-ro Kackazna, p =a/ot.

YToOBI MOTHOCTBHIO HCKIIOUHTH I[PICerTHLIfI Xa-
PaKTEp 3a4a4u, UCTTIOJIB3YEM IIPUHATOC B HA4AJIC YCJIO-

Bue An=1. Torma npupamenns AN u (An)2 CTaHo-
BATCS eIMHUYHBIMY, a ypaBHeHue (8) — nuddepeHu-
QIBHBIM YpaBHEHHEM C YacTHBIMH IPOU3BOIHBIMH,
KOTOpOE B ONIEepaToOpHOit popme umeeT BUJ

0 v(t n)+

[K(p, n)+1(n)p]

ov(t, n) o ©)
P .

+t(n)p———=
Urak, moiyueHo BBIpa)KEHHUE, TO3BOJISIONIEE I10-
CTPOUTH BOJHOBOH aHAJIOT OJHOHAIpaBIEHHOI (0e3
Leneil B3aMMHOTO YIpaBJICHUS) KACKaJHOW CTPYK-
Typel COC. B 3TOM BbIpaXXeHUU COXpaHEHa 3aBHCH-
MOCTh TIAPaMETPOB CTPYKTYPHI K U T OT N3MCHEHHSA
HETIPEPBIBHON KOOpAMHATHI 7, T. €. ypaBHeHme (9)
CIIpaBEUINBO U ISl HEOIHOPOIHOM IO KOOpAUHATE 1
CTPYKTYp5I LienoueuHoit CDC.
PaccMmoTpuM fmajnee OAHOPOAHYIO IIETIOYEUHYIO

cTpykTypy, cunras K(p) W t onMHaKoBbIMH JuIA

Bcex anemeHToB Kaxaon COC. [Ins momnepskaHus
AaHAJOTUM C paclpeieNieHHBIMH B TIPOCTPAHCTBE
(CTUIOIIHBIMU) CHUCTEMaMH 3aMEHUM HEIPEPHIBHYIO
YUCIIOBYIO KOOPAMHATY 7 Ha MPOCTPAHCTBEHHYIO KO-
OpJIUHATY X

2
]6 v(t,x)+rp

ov(t, x)
G OX

[K(p)+1p =0. (10)

CornacHO CUMBONIMYECKOMY METONYy TEOPUH KO-
nebanuit [16], 1 noay4eHus U3 CUMBOIMYECKOH 3a-
nucu (10) auddepeHINaNIEHOTO ypaBHEHHS B 4acT-
HBIX IPOU3BOIHBIX CIIEAYeT KOHKPETH3UPOBATh BBIpa-
JKEHHE omeparopHoro kodddumuenta nepemadn

K (p) ¥ 3aMEHMTb CUMBOJI p onepanueii muddepen-
uupoBanus. OnHako ynoOCTBO CHMBOJIMYECKOTO Me-
TOZIa MTO3BOJISCT IENaTh 3Ty 3aMEHY Ha CaMOM ITOCIICI-
HEM JTaIle HCCIIEIOBAHUS.

YroOBl HILTIOCTPHUPOBATE OOITHOCTH U IIPOLIEAYPY
CUMBOJIMYECKOro MeTona 3amucu auddepeHnnans-
HOTO ypaBHEHMsI B YaCTHBIX MPOM3BOAHBIX (10), BbI-
SICHUM BHJ] 9TOTO YPaBHECHUS JJIS IBYX THITOBBIX BEI-
pakeHU#l omeparopHoro ko3dduimeHTa mnepegadn
K(p) uemm ympaBneHuss NapLuanbHON SYEHKH.

Ecim B I1Y OTCYTCTBYIOT Kakue-THOO WHEPIIUOHHBIC
snementsl, 10 K ( p) =1 u ypaBuenwue (10) mprobpe-

TaeT BAL
alodv| o a[av}
T— et T—| — |=
ot| ox2 | ox2  otlox

Hcnons3yem B kauecTse GuiibTpa B LY mHepnmon-
HOE 3BEHO C ONepaToOpHbIM K03(p(HULIEHTOM Iepefayu

1
K = ,
(p) Tp+1

an

rae T — MOCTOsSTHHAS BPEMEHH (PIITBTPa HIDKHUX 9aCTOT.
[Moncrasus (11) B (10), momyunm:

2
Vv
(T‘tp2 +1p +1)6_ + (T‘tp2 + rp)@ =
6)(2 oX
3ameHuB p onepaimei U epeHIpoBaHus, MOIy-
YUM cMelaHHoe AuddepeHIanbHOe ypaBHEHNE BUIa

2 o%v| oo a2 v
TT—Z —2 +T— —2 +T‘C—2 —_—
ot L ox ot ox ot
o2y a{av}
+—2+T— =
Ox ot

OX

OueBupaHO, BEIOUpas B LIY GuiusTpsl ¢ pazmmy-
HBIMH BBIPOKEHUAMHU K (p), MOKHO MOJTy4HTh CAMbIE

pa3sHoOOpa3Hble THUIBI CIUIONIHBIX CpPEN I BOJHO-
BBIX aHAJIOTOB LienoueuHbIX CTpyKTyp COC ¢ pa3nuy-
HBIMH BOJJHOBBIMM CBONCTBaMU.

Pemiennst ypaBHeHMiH BOJIHOBBIX AHAJIOTOB.
ITone3HOCTE BOJHOBBIX aHAJIOroB KackagHbix COC
JJIs1 IOCTPOCHUA MTPAKTHICCKUX yCTpOﬁCTB COCTOHUT B
BO3MO)KHOCTH IIEJICHAIIPABICHHOT0 Ioa0bopa THIa
orneparopa K (p) ¥ 3HAQYEHHUs OCTOSHHON BpEMEHU

t napruanbHoit COC g 1OCTHUXKEHHS HKETaeMOT0
Buaa mudepennuansHoro ypasHenus (10). Oto
ypaBHEHHME XapakTepmsyeT KackamgHylo CPC kax
CIUIOLIHYIO CPEAy, @ €ro BUJ OIpPEeAeIIsieT XapaKTepH-
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CTUKU Takoll cpensl. I103ToMy B OONBIIMHCTBE CITy-
JaeB OTMAaIaeT HEOOXOANMOCTh OTBICKAHUS PEIICHUS
v(X, t) ypaBuenus (10) u ero ananusa.

MoHo, 0fHaKoO, yKa3arh, 110 KpailHEH Mepe, 1Ba
apryMeHTa B MOJIb3Y OTBICKAaHUs "MPOCTPAaHCTBEHHO-
BpeMeHHOro" pemenus V(X, t) ypasuenus (10). Bo-

MEPBBIX, BUJ] PEIICHUS OOYCIOBJICH 33JaHUEM YCIIO-
BUI Ha BXone W BbIxonme kackamHoii CDC (uto mis
pacTpeneneHHBIX CTPYKTYP COOTBETCTBYET TpaHHU-
HBIM yCIIOBUSM). BO-BTOPBIX, HEOOXOAUMO YOEAUThCS
B 00OCHOBaHHOCTH TIPEIEIbHBIX IEPEX0I0B, obecre-
YUBABIIMX IEPEXO OT Pa3HOCTHOTO ypaBHeHus (7) K
muddepenuaasHOMy (9).

[lepeiinem k pemnieHuto ypaBHeHUs (9) B CHMBO-
JTUYECKoi (opMe IS TPOU3BOIBHOTO Oleparopa
K(p). Cornacto merony Bepuymm [16] sanmuiem

YacTHOE pElIeHUE B BUJIC IPOU3BEACHUS IBYX (PYHK-
LU, OfHA U3 KOTOPBIX 3aBHCUT TOJIBKO OT KOOPIU-
HAaTBbl, a APYyras — TOJIBKO OT BPEMEHHU:

v(n, t)=eA(®), (12)

e MepeMeHHas A TOMJICKUT ONpeeIICHUI0. DKCIIO-

HCHIOIMAJIbHAA 3aBHCHUMOCTHb em

BBIOpaHa IOTOMY,
yro ypaBHeHue (10) nmuneiiHoe.
[ToncranoBka (12) B (9) mpuBOIUT K XapakTepH-

CTHYECKOMY YPaBHEHHIO
[K( p)+rp]k2 +1pA=0.

OHO faeT /Ba 3HA4YEHUS AJIS MOKa3aTens 3KCIO-
HeHTHI B (12):

P
=0 g =-—
1 27 p+K(p)

[Toatomy oOmiee pemenue ypaBHenus (9) conep-
JKHT JIBA CIIaracMBbIX:

~ompn

v(n )=AD+e PKEA D). (3

3aMeTuM, 4YTO MOKazaTeslb SKCHOHEHTHl B (13)
TECHO CBS3aH C ONEePaTOPHBIM KOA((PUITUSHTOM Tiepe-
naun W, (p) omHokackagHod C®C, CBA3BIBAOMINM
BXOJIHYIO Vi, (t) ¥ BBIXOAHYIO Vg (t) Bapuauuu

(hasbr:

0O003HauuB

_ __
Z(p)—l_Wl(p)—Ter—K(p)a (15)

MOXKeM 3arnucath B3ameH (13):

v(n, t)=A ) +e P a ().

Ca3b z(p) U W (p) cormacHo (15) umeer ry-

OoKwMii (HU3UIECKUIN CMBICIT.

[epeitnem k 00CYKICHUIO MOTYYSHHOTO OOIIETO
pelieHust BOTHOBOTO aHanora kackagaon COC.

Jlnst  ompenenieHUsT BBIpaKECHUS TPOU3BOJILHBIX

dynxumii Bpemenn A (1) u Ay (t) crmenyer 3amarb
YCJIOBHSl Ha TPAHUIAX PAcHpeeNeHHON CTPYKTYpHL.
Ha neBoit rpanwune, T. e. Ha Bxoae kackagHot COC,
ZeiicTByet BxomHas Bapuauws $hassl Vi, (t). Ilonoxus B

(13) n=0, moiy4uum "neBoe" TpaHIYHOE YCIIOBHUE:
V(0, t) =i () = A (©) + Ag ().

BTtopoe cooTHoIieHue, CBs3bIBaIONIEE (DYyHKIIUH
A (t) 1 Ay(t), MOXKHO MOTYUNTE B Pa3HOI 3aricK —
3TO 3aBHCHT OT TOTO, B KAKOM CEYCHHUHU 1 OyIeT BbI-
OpaHO BTOPOE TPAaHUYHOE YCIOBHE.

IlepBoHauanpHO MOTpedyeM peann3allii Ha BBI-
X0Jle 1-TO Kackaja oTkimka V(nN, t), coBmaaarorero

C TOYHBIM 3HAYCHUCM

v(n, t)=[Wy(p)]" vin (. (16)
[Toxcrasus W, (p) 13 (14), nomyuum:
[1-z(p)]"-e™P)
A )= o) vin (05 (17)

Vi (1), (18)

Al )]

1-¢"(P)

IToxcraBus Bepaxkenust (17) n (18) B oOmee
pemenne (13) ucxomnoro nuddepeHmaIpHOTO ypas-
HEHUS, TMONYyYMM B TOYHOCTH cooTHomeHue (16).
ToxnectBeHHoe coBnajenue pemenus (13), T. e. pe-
IICHUS yPaBHEHUS IS BOJIHOBOTO aHAJIOTa, C TOYHBIM
pEIICHNEM CIIeyeT TOJIKOBATh KaK JJOKa3aTeJIbCTBO Bep-
HOCTH TPENIEeNIbHOTO Mepexoa, MPUBOIAILETO OT pas-
HOCTHOTO ypaBHeHws (7) K nuddepeHimansaoMy (9).

Vout 1) K(p)
Wl( p) out . (14) Y00l mony4yuTh pemenre V(N, t), cosmanaro-
vn (0~ K (p) yawms petuere v(n, t)
niee ¢ TOYHBIM Ha MPaBOW TPAHUIIE, T. €. PU PABCH-
BO.]'IHOBLle aAHaJIOTnu cpe[[ HAa OCHOBE CHCTEM (l)a3OBOﬁ cl/lHXp()Hl/I:Sal.lHH 37
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CTBE 7 KOJIMYECTBY KackaJoB NN, cienyeT B (hopmynax
(17), (18) cmenars 3ameny n = N. Torma BepakeHuUs
mis A (t) m Ay (t) cranyr cBoGogHBIME OT "TIpoO-
CTPaHCTBCHHOM" KoOpAMHATBI n U OynyT ompese-
nsiTbest Benmmuunoii N. [Tpu stom st perenust V(n, t)

B CCUCHUHN C HOMCPOM 71 TIOJTYUHM:

v(n, t)=([1-2(p) N —e NP 4
A1) fe )
J1-e M ),

Jlerko yoemuthest, uto mpu N=N, T. €. 11 BbI-
xona N-kackagnoit COC, nomydaeM U3 3TOro ypaBHe-
HUS TouHOe cooTHoIIeHue (16), B kotopom N = N.

Taxum 00pa3oM, MOXKHO 3aKITFOYHTH, YTO TPOJE-
MOHCTPHUPOBAaHHBIE COBIIAICHUS PEIICHUH YpaBHEHHS
BOJIHOBOTO aHAJIOTa C TOYHBIM PELICHUEM Ha 3a/aH-
HBIX I'PaHMUIAX CBUJCTENIBCTBYIOT O CIIPABEAIHBOCTH
MIPeAETbHBIX IEPEX00B, HA OCHOBAHUHU KOTOPBIX JTHC-
KpETHAas [eTnoueyHas CTPYKTypa 3aMEeHETCs CILIOMI-
Hoil. IlosTOMy mpu aHanM3e CBOMCTB CIUIOIIHOM
Cpeibl MOXKHO HCIOJIB30BaTh  KJIACCHU(UKAIHIO,

M3BECTHYIO U3 TeOpHH AUPPEPEHIIHATBHBIX ypaBHE-
HUI{ C YACTHBIMH IIPOU3BOIHBIMH, U JOOMBATHLCS Hy k-
HBIX CBOWCTB BHIOOpOM THIIa oOllepaTopa (HIbETpa
K(p) B uenu ynpasnenus napuuansaoii COC.

3akauenne. B HacrosAmer crarbe HalIeHBI
BOJIHOBEIC aHaoru kackagnoro ancamoOmst COC, ne
coJepXallero Ierneid B3aMMHOTO YIpaBJeHHdA, a
TaKKe pEUIeHUS YpPaBHEHUH BOJHOBBIX aHAJIOTOB.
BriOupas B nenu ynpapieHUs GUIBTPHI C pa3ind-
HBIMH BBIpOKEHUSAMH KO3(D(HUIIMEHTa Tiepemayn,
MOYKHO TIONYYaTh Pa3sHOOOPa3HBIE THITBI CILIONIHBIX
Cpell HITH BOJTHOBBIX aHAJIOTOB IIETIOYCYHBIX CTPYKTYP
COC ¢ pa3nuuHbIMHA BOTTHOBBIMH CBOMcTBamMu. CyxK-
JIeHHE 00 ITHX CBOMCTBAX MOKHO ClieJIaTh Ha OCHOBa-
HUU XOPOIIO U3YYeHHOU kinaccudukammu auddepen-
LUANbHBIX YPABHEHUH B YaCTHBIX IPOU3BOIHBIX, TIPH-
BOJIAIICHCS B TEOPUH CIUIOIIHBIX cpell. Takum oOpa-
30M, IMOJIy4eHBI TU(depeHITHaIbHbIC YpaBHEHUS B
YACTHBIX TPOM3BOIHBIX, MMO3BOJISIOIIAE aHATH3HUPO-
Bath 1enodednsie COC, Kak CIUTONTHBIE CPENbI, B Ka-
YeCTBE YCTPOICTB IEpEMEHHOM 3aA€PXKKH TS PaIuo-
CHUTHAJIOB C YIJIOBOW MOAYJSILIUEH, 3JIEMEHTOB HEWPO-
MOP(}HBIX BHIYHCIICHUN U METaMaTepHUasoB.
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AHHOTauuA
BBegeHue. Bo3pacTatoLime TpeboBaHMA K COBEPLUEHCTBOBAHNIO MHPOPMALMOHHBIX CUCTEM obecrneyeHus 6es-
OMacHOCTY CyAOBOXAEHWSA B MPUBPEXHbIX paoHax MOPCKNX akBaToOpUiA 0bycnaBaMBatoT MONCK HOBbIX MHXKe-
HEPHbIX U HAYUYHO-TEXHNYeCKNX peLleHnii. Ocobblli MHTepec NpeAcTaBaseT co3jaHne CUcTeM NaccMBHOM Kore-
peHTHOoI nokaumn (MKJ1), 0CHOBaHHbIX Ha NCMOJIb30BaHUM B Ka4ecTBe PagnMoaoKaLMOHHOro NoAcBeTa KOHTPO-
JINPYEeMOro NPOCTPAHCTBA CYLLLECTBYHOLLUNX UCTOYHWKOB 31eKTPOMArHUTHOMO U3/ly4YeHUs, B YaCTHOCTU CUFHANoB
rnobanbHOM HaBUraLmMoHHOM cnyTHMKoBol cnctemsl (THCC). Mpu pa3paboTke 1 peannsaLmm Takmx CUCTeM Cy-
LecTByeT psj HepeLLeHHbIX 3a4a4y, CBA3aHHbIX C MONCKOM BblICOKO3$GEKTUBHbLIX anropuTMoB 06paboTku, € on-
TUMUM3aLMeRn NX CTPYKTYPbl 1 PEXNMOB GYHKLIMOHNPOBAHWSA B COCTaBe KOMMAEKCHOW MHOMONO3ULMOHHON Cn-
CTeMbl MOHUTOPUHIa MOPCKMX aKBaTOPUIA B MPUOPEXHbIX panoHax.
Uenb paboTtbl. O60CHOBaHVE CTPYKTYpbl MOCTPOEHWS cuUCTeMbl buctatuyeckoid MK/ ¢ curHanom nogceeta
MHCC, aHann3 MeToA0B MOBbILLIEHWS YPOBHSA OTPaXXeHHbIX OT Lieneil CMrHaaoB, pa3paboTka obLLero anropnutma
06paboTKN CUTHANOB B NMPUEMHOM YCTPOMCTBE JaHHOW c1CTeMbl, GOPMUPOBaHME NPESIOXKEHNA NO CO3AaHUI0
MHOrOMO3VLMOHHOW pagnonokaunmoHHom cuctemsl (MM PJIC) Anst MOHUTOPUHIa CYA0XOACTBa B MPUBPEXHbIX
paioHax akBaTOpWUiA.
MaTepuanel U MeToAbl. VICNOMB3YIOTCA MeTOAbl MaTeMaTU4eckoro MOAeNNpPOBaHUSA, TEOPUS CUTHaNOB, Lnd-
poBoli 06paboTKN CUrHANOB.
PesynbTathl. Pa3paboTaHa cTpykTypa buctatnyeckon MK/ ¢ curHanom nogeseta MHCC Ana MOHUTOPUHIa ak-
BaTOPUIA B MPUBPEXHbIX pafioHax B Lieasx obecneyeHns 6e30nacHOCTM NiaBaHus cyaoB. NpeasoxeHbl MeToapl
NOBbILUEHNS YPOBHS MOLLHOCTU CMYTHWKOBbLIX CUFHAN0B Ha BXOAe MPUEMHOro YCTPOKCTBa 1 pa3paboTaH obLymii
aNropuT™M 06paboTKN CUIHANOB, MPOLECC peanm3aunn BelYMCIEHNS B3aUMHOM GyHKUMN HeonpeaeneHHOCTH
(BPH) B cncteme 6uctatnueckoin MKJ ¢ ncnonb3oBaHmem cnyTHUKOBOro cnrHana GPS C/A-koga anst 3agay Mo-
HUTOPWHIa akBaTOPUIA B MPUBPEXHON 30He.
3akntoyeHune. PaccmoTpeHHas cuctema bucrtatmnydeckoin MK/ ¢ ncnons3oBaHMeM B kayecTBe MojcBeTa CUrHa-
nos M’HCC moxeT bbITb 3a4eicTBOBaHa B coctase MIM P/IC MOHUTOPUHIa MOPCKMX akBaTOPWIA B palioHaxX MHTeH-
CMBHOTO CYy0XOACTBA AN obecneyveHns 6e30MacHOCTU ABVKEHSA CYA0B, ONepaTMBHOMO KOHTPOAS MOPCKUX pa-
60T B OTKPLITOM MOpe, 6bICTPOro aHanmsa o6CTaHOBKM Ha MOpe MNpu aBapUnHON CUTyaLmin.

KntoueBble coBa: naccMBHas KOrepeHTHas J0KauMs, MHOMOMO3ULMOHHAA PaAMoNoKaLMOHHasa cucteMa, CriyT-
HVKOBbI CUTHaA, MOHUTOPUHT NpUBpexHbIX paioHoB, C/A-Koj
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Abstract
Introduction. Increasing requirements for improving of information systems for ensuring navigation safety in
coastal areas of marine waters determine the search of new engineering and scientific solutions. The creation of
a passive coherent location systems (PCL), based on existing sources of electromagnetic radiation (in particular,
global navigation satellite system (GNSS) signals) as radar illumination of the monitored space is of particular
interest. During development and implementation of the systems, there are a number of problems related to the
search of highly efficient processing algorithms, to the optimization of structure and functioning modes when
the system is a part of a complex multi-position monitoring system in coastal areas.
Aim. Rationale of the structure of bistatic PCL system with GNSS illumination signal, analysis of methods for in-
creasing of the level of reflected signals, development of a general signal processing algorithm of the system
receiver unit, formation of proposals for the creation of multi-position radar system (MP radar) for coastal areas
navigation monitoring.
Materials and methods. Mathematical modeling, theory of signals, methods of digital signal processing.
Results. The structure of the bistatic PCL with GNSS illumination signal for monitoring in coastal areas of marine
waters to ensure navigation safety has been developed. Methods for increasing the power level of satellite signals
at the input of the receiving device have been proposed. General signal processing algorithm and the algorithm
of CAF calculation in the bistatic PCL system using GPS C/A code satellite signal for sea surface coastal areas
monitoring have been developed.
Conclusion. The considered bistatic PCL system with GNSS illumination may be applied as a part of MP radar for
monitoring in areas of heavy vessel traffic to ensure the safety, for operational control of marine operations in
the high seas, for quick analysis of the situation at sea in an emergency.
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For citation: Nguyen Van Quan. A Passive Radar System for Monitoring of Coastal Areas Ship Traffic Using Satel-
lite lllumination Signals. Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 3, pp. 41-52.
doi: 10.32603/1993-8985-2020-23-3-41-52

Conflict of interest. Author declares no conflict of interest.

Submitted 27.02.2020; accepted 14.05.2019; published online 29.06.2020

BBeaenne. BMecte ¢ NOCTOSHHBIM Pa3BUTHEM LEIAX KOHTPOIA ¥ IIPOTHO3UPOBAHUS PA3BUTHSA UPE3-
CYIOXOJICTBA BO3pacTAlOT TPeOOBAHUS K COBEPIICH- BBIYAMHBIX CUTyallMii ITPUPOIHOIO U TEXHOTE€HHOIO

CTBOBAHHIO MH(POPMAIIMOHHBIX CHCTEM, 3agadeid ko-  MPOMCXOXICHUA, OCYIICCTBIATE aHTUTEPPOPHCTIYC-
CKUIl KOHTPOJIb MPH OXPaHE CTPATETHYECKU BaXKHBIX

00beKTOB B OeperoBoil 30He (HampuMmep, IMOPTOB,
He()TeHATMBHBIX TEPMUHAJIOB H JIp.).

B HaCTOALICC BPEMA UIA PCIICHUA 3a1a4 JUCTaH-
IIHOHHOTO MOHHUTOPHHTA MPUOPESKHBIX aKBaTOPHA

TOpBIX SIBISIETCS oOecredeHne Oe30IacHOCTU Cyo-
BOoKeHMs. Hanbornee akTyanpHa MOTPEOHOCTH B Ta-
KHX CHCTeMax B IPUOPEKHBIX paliOHaX MOPCKUX aK-
BaTOPHH, I KOTOPBIX XapaKTepHa HANOObINAs MH-

TEHCHBHOCTE JIBWKEHUA CynoB. Hapsmy ¢ 3a/1a9a-  pjypoko mpuMeHSsIOTCS paImoNoKaMOHHBIE CHCTEMBI
MU I/IHCI)OpMa]_II/IOHHOFO obecreueHus: OE30MaCHOCTH (P_]IC), 0COOEeHHO aKTyaJbHO UX MPUMEHEHUE B paff[o-
CYIOBOXKICHHS TaKMe CHCTEMBI CHOCOOHBI OCy-  HaX MHTEHCHBHOTO JBHKEHHS Cymoxoactsa. OcoOblii

MIECTBIIATh MOHHTOPMHI NPUOPEKHBIX aKBATOPUHA B~ HMHTEPEC NPEJICTaBIAET CO3/[aHue OUCTATUYECKUX MU
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MYJIBTHCTATUYECKUX CUCTEM ITACCUBHOW KOT€PEHTHOM
nokarmu (ITKJT), ocHOBaHHBIX Ha HCITOIH30BAHUH B
KauecTBE PaIuOJIOKAlMOHHOTO MOJCBETa KOHTPOJIH-
PYEMOro MpOCTPaHCTBA CYLIECTBYIOIIMX UCTOYHHUKOB
3JIEKTPOMArHUTHOTO U3ITyUYEeHMUSL.

Ucnons3oanue IIKJI, BBUAY OTCYTCTBUSI COO-
CTBEHHOTO IIepefaTyiKa, II03BOJSIET O0ECIICUUTh
MEHBIIYI0 CTOMMOCTb IIPOU3BOACTBA, pa3MEILEHUs U
JKCIUTyaTalluy, OTCYTCTBUE BPEAHOIO BO3AEHCTBHSA HA
OKPYXKAIOIIYIO Cpey, OTCYTCTBUE TIOMEX JPYTUM pa-
JUOTEXHUYECKHM YCTPOWCTBAM, BBICOKYIO CKPBIT-
HOCTB, CO31a€T BO3MOXKHOCTH (POPMHUPOBAHUS MTPOH3-
BOJIFHOI 30HBI HAOIOACHUSL.

B kavecTBe MCTOYHUKOB CUTHAJIOB ITOJICBETA B OH-
cratnueckoil [IKJI MoryT Mcnosb30BaThCsl CUCTEMBI
uuppoBOro TeneBUACHUA, IM(PPOBOro 3BYKOBOTO pa-
JTUOBEIIaHNs, MOOMIIbHOM cBsi3U U jp. [1-6]. B npen-
CTaBJICHHOM MaTepHajieé B KauyeCTBe MCTOYHHUKA CHUT-
Haja noxcsera B cucreMe oucrarmyeckoil TTIKJI mo-
HUTOPUHIa MOPCKUX aKBaTOPUM paccMaTpUBaeTcs Ba-
PHAHT HCIOJNB30BAHUS CITyTHUKOBBIX CHCTEM, a
MMEHHO TJI00aJbHOM HABUTAIIMOHHOW CITYTHUKOBOM
cucremsl (CHCC).

Panee aBropom OblTa MPoBEICHA OLICHKA TATBHOCTH
OOHapyKEHHS HA/IBOIHBIX IIeJIel B cUCTeMe OrcTaTide-
ckoit I1IKJI ¢ ucronp3oBaHreM pa3muaHBIX CIYTHHUKO-
BBIX CHTHAJIOB TOJICBETA; PE3YJIbTaThl UCCIEIOBAHMUS 3()-
(heKTMBHOCTHU TIPUMEHEHNS] CUTHAJIOB CITYTHUKOBBIX CH-
CTEM Pa3IUYHBIX TUTIOB TIPUBEIICHBI B [7].

B nmaHHOU cTarbe paccMaTpHBAETCA CTPYKTypa
nmocTpoeHus cucteMbl ouctarnaeckor [TKJI, ocHoB-
HBIE METO/IbI TIOBBIIIIEHHUS YPOBHS OTPaXXCHHBIX OT I1e-
neit curHanoB B cucteme oucrarudeckoit [TKJI ¢ cur-
Hajom noaceera THCC, npemnaraetcst anroputm 00-
pabOTKH CHUTHAJIOB B IPUEMHOM YCTPOWCTBE JTaHHOM
CUCTEMbI, OIPEAEIeHbI NOAXO0AbI K CO3AaHUI0 MHOIO-
TMO3UIIMOHHOW  paguonoKaroHHol cuctemsr (MII
PJIC) 111 MOHUTOPHHTA CYJOXOACTBA B PUOPEKHBIX
palioHax aKBaTOPHUIL.

Cucrema rio0anbHOI HABUTAIIMH HMEET OONIBIIOE
KOJTMYECTBO CIYyTHUKOB, CHUTHAJbl KOTOPBIX HETpe-
PBIBHO OOJTy9arOT MOBEPXHOCTH 3EMITH. DTH CUTHAIIBI
MPEACTABILIIOT COOOH MIMPOKOTIONIOCHBIE U KOTePEHT-
HBbIE TICEBIOCTyYaifHbIe (Ha30KOIOMaHUTYIUPOBAH-
HbI€ KOMITO3UIIMH U IPUBA3AHbI K €IMHONW CUCTEMHOMN
mkane BpeMeHn. OIHOW W3 OCHOBHEIX MPOOJIEM MpH
WCTIOJIb30BaHWU CITyTHUKOBOM CHUCTEMbI B Ka4ecTBE
WCTOYHHKOB CUTHAJIA TIOJCBETA SBJISACTCS OYCHb HU3-
KU ypOBEHb MOIITHOCTHU CHTHaJla Ha 3eMHOM MOBepX-
Hoctu. Ha puc. 1 mpencraBieHbl HEPreTHUECKHA
CIIEKTp CHUTHaja II00adbHOW HAaBUTAIIMOHHOHM CITyT-
HUKOBOU cuctemMbl GPS Ha OCHOBHOW HEHTpanbHOU
yacrore L1=1575.42 MI'l U MOIIHOCTb TEIJIOBOTO
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Puc. 1. Cnekrp curnana GPS (crumonrHas JTuHMS)
Y MOIIHOCTb TEIUIOBOTO IiyMa (IITPUXOBAsI JTNHHUS)

Fig. 1. Spectrum signal GPS (solid line)
and thermal noise power of the antenna (dashed line)

myma anTerasl. Curaan GPS ckpeiT mon nrymamu —
3TO O0COOCHHOCTh CHUTHAJlAa C MaJloi MOIIHOCTBHIO C
PaCIIMPEHHBIM CIIEKTPOM MHOXKECTBEHHOTO NOCTYTIa
C KOJIOBBIM pasfieliecHueM KaHajioB. /i npuema u 06-
pabOTKH CITyTHHKOBBIX CHTHAJIOB TpeOyeTcs mpume-
HEHHE CIIEIHATIBHEIX aJlTOPHTMOB, TIOATOMY Hapsay ¢
pa3paboTKOi CTPYKTYpPBl CHCTEMBI OUCTaTHYECKOM
I1KJI Ha OCHOBE CIIyTHHUKOBBIX CHI'HAJOB IIOZCBETa
HEOOXOIMMBI WCCIICIOBAHUS METOIOB ITOBBIIICHHS
YPOBHSI MOIITHOCTH OTPAXCHHOTO CHUTHAJIA OT OOBEK-
TOB HaOJIIO/IEHNS Ha BXOJI€ IPUEMHOTO YCTPOHCTBA.

BapuaHTbl MOBBIIIEHHS YPOBHS MOLTHOCTH CITYT-
HUKOBBIX CUTHAJIOB HAa BXOJI€ IPUEMHOTO YCTPONCTBA
cucteMbl bucrarnueckoi ITKJI cnenyrommue [8—101]:

— UCIIONB30BAHNE METOJIOB C JUTMTEIILHBIM BpeMe-
HEM MHTETPUPOBAHUS, TIO3BOJISIIOIINX COOMPATh YHEP-
THI0O CHTHAJNa B TEUCHHE UTUTEIHHBIX HHTEPBAIIOB
BpPEMEHU;

— mpuMeHeHHe (a3UpOBaHHOW aHTEHHOW pe-
HIETKH ¢ OOJIBIIIO0N 0a30ii;

— KOMIUIEKCHPOBAHHE OTPAKEHHBIX CHTHAJIOB OT
HECKOJIBKUX CITYTHUKOB.

CyIIHOCTh METOA C IIUTEIBFHBIM BPEMEHEM HH-
TErpUPOBaHMS 3aKJIIOYAETCSI B TOM, YTOOBI COOMPATH
SHEPTUI0 OTPAKECHHOTO CHTHAJIA B TEUCHUE JTUTEIb-
HBIX HWHTEPBAJIOB BPEMEHH (IECATKH CEKyHI), YTO
MO3BOJIUT O0ECIIEYUTh COOTBETCTBYIOUINH YPOBECHB
OTHOIICHUS] CUTHAJI/IITyM+TI0OMeXa I OOHAPY>KCHHUS
neneid. DPPeKTUBHOCTh METOIOB 00pPaOOTKH C HC-
MOJIb30BAHUEM JJTUTEIBHOTO BPEMEHH MHTErPUpPOBa-
HUS CUTHAJIOB, OTPAXXEHHBIX OT ABIDKYLIEHCS Lenu, ¢
HOIICBGTKOI>'I HCCKOJIbKMMH TI€pEeAaTINKaMn CITYyTHHU-
KOBBIX CHCTeM, paccMoTpeHa B [11]. ABropamu npen-
CTaBJIEHBl PE3YJbTaThl, MOKA3bIBAIOLINE MOBBILICHUE
3 deKTUBHOCTH OOHAPY)KEHHS IPH HCIIOIB30BAHIH
HCECKOJIBKUX MNEPEAATYUKOB CITYTHHKOBBIX CHCTEM B
CpaBHCHUH C OJTHUM 0a30BbBIM NnepeaAaTINKOM. Tam ke
MOKa3aHo, YTO UCIIOJIb30BAHNE AaHTEHHOM PEILEeTKH Ha
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MPUEMHON TO3UIKK U3 K 3JIEMEHTOB 00CCIeuyrBacT
MTOBBIIIICHHYIO CITOCOOHOCTh OOHApY)KEHHS IIeNeH, a
TaKXe BBICOKYIO TOYHOCTE OTIPENICIICHHS YIIIOBBIX KO-
OpAMHAT.

Ha mnpaxTtuke uenecooOpa3Ho OJHOBPEMEHHOE
MIPUMEHEHHUE BCEX MEePEUUCICHHBIX METOAOB, YTO 103~
BOJIUT B HAWOOIBINEH CTETIEHH YBEIHYHUTH YPOBCHB
MOIIHOCTH OTPKEHHOTO OT OOBEKTOB HaONIOACHUS
curHana B cucrteMe Oucratmueckoii IIKJI. B [12]
mpeiokeHa cxemMa 00pabOoTKH 1J11 COBMECTHOTO HC-
MOJIb30BaHUs KaK JUTUTEIBHOTO BPEMCHH HHTErpa-
UM, TaK ¥ MHOXECTBA MPUHUMAIOIIUX JIEMCHTOB
IUTSL PEHICHUS 3aJa49i OOHAPY>KEHHSI MEIICHHO IBH-
xKymuxes nenerd B cucteme [1KJI Ha ocHoBe cryTHH-
KOBBIX CHTHAJIOB TozcBeTa. [lpemnaraeM OCHOBHEIE
BapUAHTHI TIOBBIIICHUS YPOBHS MOIITHOCTH CITyTHHKO-
BBIX CUTHAJIO0B B crcTeMe onctatuueckoi [TKJI, koTo-
phIe TIOMOTAIOT B Mpoiecce 00paboTKH CTPYKTYPHI H
co3nmanus omneiTHOro odpasia [TKJI MoruTopuHra ak-
BaTOpHiA B MPUOPESKHBIX paiioHax. B nanHol padorte
IJIaHUPYETCS MPUMEHEHUE BCEX TPEX METOIOB IMOBBI-
LIEHUS YPOBHS MOIIHOCTH JUIsl TOJIydeHHs J1OCTa-
TOYHO HEOOXOAMMOTr0 OTHOIICHHUS CUTHAJI/IIYM B TIPH-
eMHOM ycTpoiicTBe cuctemsl [TKJI.

Mertoabl. Ha puc. 2 npencraBineHa cTpyKTypHas
cXeMa TOCTpOoeHHs cucTeMbl OucraTmueckord ITKJI

MOHHTOPUHTA aKBAaTOPHH Ha OCHOBE CITyTHHKOBBIX
cuTHAJIOB ToaceeTa [13].

B xauecTBe aHTEHHBI OLIOPHOTO KaHaJIa Ipe/yara-
eTcsl MCIIONB30BaTh 3epKallbHYI0 aHTeHHY. B kanane
HaOIoZIeHNs TIPUMEHsIeM aHTeHHYIo pemetky (AP),
KOTOpast C TIOMOIIIBIO aHAJIOTOBOH cXeMbI (popMupoBa-
HUS JUarpaMMbl HalpaBlIeHHOCTH aHTeHHBI (JIHA)
obecrieynBaeT HEOOXOMUMBIA CEKTOp HaOIIOIACHUS.
bi1ok cornacoBaHUsS COCTOUT U3 MOJIOCOBOTO (hHIBTPa
(uu Habopa MOJTOCOBBIX (PMIIBTPOB) U YCHIIUTEIEH B
OIIOPHOM KaHajle M KaHaje HaOMIONeHUs MPUEeMHOI
MO3UIMH. BIIOK IPHEMHUKOB OCYIIECTBISIET aHAIOTO-
g poBoe Mpeodpa3oBaHUe M PelIacT 3a/Ja4u Iepe-
HOCA CHUTHAJIOB Ha YaCTOTY (PHUIIBTPALIUH.

Ha sTame mmdpoBoii 00pabOTKH HCIIONB3YIOTCS
CTaHJAPTHBIN U CIIEINATU3UPOBAHHBIA BEIYHCIUTEINH,
BBITIOJHSFOLIME CIEAyIoIIne QYHKINH:

— armapaTtHO-IporpaMMHoe obecrieueHue s Tpa-
€KTOPHOTO COIPOBOXKIICHUSI, OOBEANHEHNS TaHHBIX OT
HECKONbKUX IpHeMHbIX nosurmii (I111), otoOpaskeHus
JTAHHBIX, YITPABJICHUS MIPOLIECCOM 00pabOTKH;

— anmapaTHO-IIporpaMMHOE obecredeHue odpa-
0OTKHM CHUTHAJIOB OTIOPHOTO KaHalla U KaHajla HaOIro/-
eHHs (KOPPEKTHPOBKA MPSAMOTO CHTHAJIA, alalTHBHA
¢uaETpanus OTPaKEeHHOTO CHUTHAJA, BBIYMCIICHUE
B®H, o6HapyxeHHe-U3MEpEHHE).

T AHTeHHa
OIIOPHOTO KaHaIA bnok cornacoBanus
P (1m0s0CcOBOH GUITBTP,
YCHIITUTENN)
AP xanana
HaOIToIeHNsT
®dopmuposarens JHA Biok cornacoBanus Biok
(JTHHUY 3a/1epKKH, —— (mo0coBO uIsTp, M  THPPOBBIX
aTTEHIOATOPHI) YCHITUTEINN) IPUEMHHUKOB
[m e e e e e e e e e e E == === === — = — = 1
| Ludposas X
1 06paboTKa CranpapTHEL Criennanu3upoBaHHbIN 1
: BBIYHCJIIUTEIIb BBIACITHTEIH :
| (TpaeKTOpHOE (KOppeKTHpOBKa |
: | conpoponnenne, | gl MPsIMOTO CUTHAIA, !
1 00BbeaHHEHNE, aJlanTuBHasd ]
: oToOpaxeHue, o :
| yrpaBieHre) Berancienne BOH, |
1 oOHapyxeHue, 1
: u3MepeHue) :
1 1
b b e e Y—————/——— 1
Y —[loTpeburens
Kanan
nepepaun —m= YCO n1IOU
JTAHHBIX

Puc. 2. Ctpyxrypnas cxema [TKJI MonuTopuHra nsmxeHus cynoB ¢ curaanom mnojcesera THCC

Fig. 2. The structural diagram of the PCL monitoring the movement of ships with signal GNSS illumination
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ApnanTuBHas QWIBTpanusl NpeAHA3HAYeHA IS
MOABJICHUS B KaHAJle HAOIFOICHUS MPSIMOTO CHTHAA
M €r0 MOIIHBIX KOIHIA, BO3HUKAIOIINX H3-32 OTpaKe-
HUS OT MECTHBIX IPEIMETOB X MHOTOIy4eBOCTH. [1o-
ciie 00pabOTKK NTaHHBIX OT IIeJIed Mo KaHally Iepe-
Jla9y JAaHHBIX PaJROJIOKAIIMOHHAs HH(pOpMAaNys mepe-
JaeTcs B YCTPOWCTBO COBMECTHOW 00pabOTKH U
ueHTp obpabdorku mHpopmanuu (YCO u 1LIOUN). B
YCO u LIOU pemratorcst 3a1a4l KOMILIEKCHPOBAHUS U
COBMECTHOW 00pa0OTKH JTaHHBIX, TOJYYCHHBIX OT HE-
CKOJIBKHMX panuoniokannoHHbx 1I1, hpyHKIIMOHUPYIO-
ux B cucteme oucrarndeckoit IIKJI Ha ocHoBe ciyT-
HUKOBBIX CUTHAJIOB MOJICBETA.

Pesyabrarel. B nanHol crarbe B cucreMax Ou-
crarrueckoit [1KJI moHnTOpMHTA paiioHOB C MHTEH-
CHBHBIM CYIOXOJCTBOM pPacCMaTpHBACTCS HCIONb30-
BaHHE B KadecTBe moxacBera curnaigoB L1 tuma C/A-
koga 'HCC GPS. O6mmit anroput™ 00pabOTKH CHUT-
HasnoB B cucreMe Oucratndeckoit ITKJI mpu ucnoms-
30BanMu cryTtaukoBoro curaanma GPS L1 C/A-koma
mpeacTaBieH Ha puc. 3. Homep HaBHTammmoHHOTO
(NAV — Navigation) kocmuueckoro anmapara (HKA)
COBIIaJ]aeT C HOMEPOM TICEBIIOCITyYailHOH MociIe0Ba-
teapHOCTH (TICII; Pseudorandom Noise — PRN)
(HKA 01 = IICII 01), C/A-kox nipeacTaBisieT co0oi
IBYX(pa3HBI MOIYTUPOBAHHBIN CHTHANI C YaCTOTOM
nuckperuzaunu 1.023 MI'n ans rpaxaaHckoro Hc-
royib3oBanus [ 14].

Onmoii n3 Hambomnee BaKHBIX XapakrepucTuk C/A-
KOZIOB SIBITIOTCSI MX KOPPEISIHOHHBIE CBOHCTBA, TIPH
9TOM OTHOIICHHWE YPOBHEH aBTOKOPPEISIIUOHHOTO
MHMKA K B3aUMHBIM KOPPEIISIIMOHHBIM ITHKaM [TOKA3bIBACT,
HACKOJIbKO IIMPOKMN TUHAMUYECKUM JMana3oH MOXKHO

OnopHbIHA CUTHAT OTpakeHHBII
¢ CHTHAIT
6]
K(;\ITX?}(_TOP ¢ ITouck xoma
. TICII
CO00IIEeHH# l
B I [TonaBnenue
Teneparust ~ occmnognpe; an[l OINOPHOTO CUTHAJIA
xoma IICIT [ | HTHATOB GPS L1 C/A-xona
C/A-kona
B KaHaje o030pa

'

Borancneane BOH

Puc. 3. O6uwmii anroput™ 06pabOTKU CUTHAJTIOB B CUCTEME
oucraruueckoii I1KJI ¢ curuanom noacsera THCC

Fig. 3. The general signal processing algorithm
in a bistatic PCL system with signals GNSS illumination

400 800 1200 1600 n

-100

7

Puc. 4. ABTOKOppeIIIMOHHAs (YHKINA (a) ¥ B3aUMHas
koppernsuonHas gynkuus (6) C/A-xonos curnana GPS

Fig. 4. Autocorrelation function (a)
and cross-correlation function (6) signal GPS C/A codes

obecrieynTs TIpH TIpueMe B 00paboTKe curHaiioB. Ecmm
KOIbl SIBIISIFOTCS OPTOTOHAJIBHBIMM, WX B3aUMHAs KOp-
pemsiust Oymer paBHa Hymo. Omnako C/A-kombl (kox
Tonna) He ABJSIFOTCS CTPOTO OPTOTOHANBHBIMH, a JIUIIb
Omm3ku kK HUM. [1oaTOMY B3anMHAs KOPPEILILUS UMEET
HeOONbIINe 3HAYCHNS, OTIINYHBIE OT HyJIs. [Ipn mcce-
JIOBaHNH KOPPEILIIHOHHON XapakrepucTuk C/A-KOmoB
OLICHUBACTCS UX aBTOKOppessiioHHast pyHKIms (AKD),
B3aUMHasl KoppesinuonHas GyHkims (BK®) xomos co-
CEJIHUX CITYTHUKOB, a TAK)KE BIMSTHHE [ITyMa Ha B3aUM-
HYI0 KOPPeJSIIHIO CUTHANIA C IIYMOM M KOIFSIMH
CUTHAJIOB cIyTHUKOBOH cucteMbl GPS C/A-kona.
Ha puc. 4 nokazanst AK® (momep I1CIT 32) u BKD
(TICIT 8 u TICIT 32) C/A-xona curHania CItyTHUKOBOM CH-
crembl GPS): R — HOpMUpOBaHHAs! MOLLHOCTb; 7 — KOJH-
yecTBO cumB0J10B B [1CIL

[To cpaBHEeHUIO ¢ ypoBHEM OOKOBBIX JICTIECTKOB
nuk AK® TICIT C/A-koma curaasna CIiyTHUKOBBIX CHC-
teM GPS 3HaunTenbHO Bhie (puc. 4, a). C moMomibso
BK® MOXHO OLEHUTh B3aUMHOE BIMSHHUE MIy-
MOITOJJOOHBIX KOJOB COCENHHX CITyTHHKOB. BHIHO,
YTO MaKCUMAaJbHbII ypOBEHb IIIyMOBOI'O CUTHAJA MTPU
B3aVIMHOM BJIMSIHUU CUTHAJIOB COCEIHUX CITyTHHKOB
CpaBHHM C YpOBHeM OOKOBBIX JienecTkoB AK®D
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W3 oueHkH B3aWMMHON KOPPEISLMH 3allyMJIEHHOTO
curHasa GPS u xormit C/A-koma cHrHaima CITyTHHKO-
BbIX cucteM GPS (puc. 5) BugHO, 94TO MMana3oH 3Have-
HUI B3aMMHON KOPpEJSILIMY MaJlo U3MEHSETCs, a U3-3a
myMa YpPOBCEHb OOKOBBIX JIEIIECTKOB ITOBBIIIAETCS
BIUIOTH 10 YPOBHS aBTOKOPPEIIALIMOHHOI'O MHKA.

Ans peanuzanuy MpoIEAyphl BRIYUCICHHUS B3a-
UMHO# KoppensmuonHor gynkuun mexay [ICIT C/A-
koxa curHana GPS u ero xomuei paspaboran airo-
PUTM, paccMaTpuBaeMBblil anee.

IIpu HenpeppIBHOM M3Iy4Y€HMU CHUIHAJIA IIOJCBETA
epeaTIuKaMy CITYTHHKOBBIX CHCTEM W 0Oe3 ydera Imo-
TEphb NPHU PACIPOCTPAHEHUHN CUTHANA OT i-T0 CIIYTHHKA
BXOHOW CUT'HAJI B IPUEMHOM MO3ULIMHU HA IPOMEKYTOU-
HOM 4acTOTE MOKHO TPECTaBUTh B 00IIIEM BUJIE:

ri(t)=mi(t—‘ci)gi(t_Ti)ej[anit+(pi+\lfi1 W

rae M (1) KO HAaBUTaIlMOHHOIO COOOIICHUS;

g; (t)— IICII C/A-xona; 1, fi u @; — Bpemennoii,

YaCTOTHBIM W ()a3oBBI CIBUTHM CHTHAJIa COOTBET-
CTBECHHO, BbI3BAHHBIC paCCTOHHI/IeM nu OTHOCHTCJ’ILHOﬁ

CKOPOCTBIO MEKAY CITYyTHUKOM U MPUEMHUKOM; Wi —

(azoBblii caBur (dazoBasi omubOKa), 00yCIOBICHHBIN
pacnpocTpaHeHHEM CHTHaIa B CBOOOTHOM IIPOCTPaH-
CTBE.

HaBuranunonnoe cooOiieHne conepkKuT UHGOp-
MaI 00 opOUTe CITyTHHUKA, COCTOSHUH €ro paboTo-
CIIOCOOHOCTH, MapaMeTpax KOPPEeKLHH 1 Ipyrue JaH-
HBIE. DTa HH(OPMAIU UCIONB3YETCs LIS ONpeere-
HUSI IPOCTPAHCTBEHHOTO MECTOTIONIOKCHHUS CITyTHHKA
u BpeMeHM nepenadu curnana. ITockoneky xox ITCIT
M3BECTCH MPUEMHHKY U UCIIONb3YeTCs U1l OOHapyxe-
HUS TPSIMOTO CHUTHANIA OT KOHKPETHOTO CITYTHUKA,
MOXKHO OIPENIENIUTh €ro JTUTEIbHOCTh, CBA3aHHYIO C
MHTEPBAJIOM MOBTOPEHHS HMIIYJIbCOB IEpeiaTyHKa;

T =N¢T¢, tome N¢ u T — cooTBeTCTBEHHO, KOMNHYE-

CTBO U IPOJOJKUTEIIBHOCTh KaXJIOTO KOJOBOTO CEr-
MeHTa. Bpems ¢ MeXIy HayaJloM M KOHIIOM KaXKI0TO
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HHTEpBaja IMOBTOPEHHUS HMITYJIbCOB OOBIYHO HAa3bI-
BalOT OBICTPBIM BpeMeHeM, T. e. T € [O,T ], TOTZa Bpe-
MEHHbIE MHTEPBAJBI U C JJIMTEIbHOCTHIO T Ha3bIBa-
FOTCSI MEIUTEHHBIM BpeMeHeM, T. e. U=0,T,2T,.... B

TE€UEHUE JJIUTENILHOIO BPEMEHHU CITyTHUKOBBIM CUTHaJI
HEINOCTOSIHEH, IO3TOMY IIPY MOJEIMPOBAaHUHU IIPENIIO-
JIO)KHM, YTO BpeMsI 33ICP>KKH, CIBUT YaCTOTHI U (ha30-
Basi omMOKa M3MCHSIOTCS B MEIJICHHOE BpEMs, T. €.

7; (u), fi(u) m y; (u). Tpumem Takke, yTo HaBHTa-
IMOHHOE COO0IICHNE OBLIO CHOPMHUPOBAHO B MEIJICH-
HOe BpeMs u3-3a Iy >> T, tae Ty — AIUTenbHOCTD
m, (t). Taxum 06pa3oM, BeIpaXKeHHE IS CITyTHHKO-
Boro curHaina (1) MokeT OBITh MPeoOpPa3oBaHO B ciie-
JYFOIIMNA BUJT:

2nf (U)(t+U )+, (W () ]

(Lu)=m (tLu)g; (Lu)el o)

OTIEIIBHBIC KOMITOHEHTBI COOTBETCTBYIOT:
m (tu) =m;[t- 5 (W],
g (tu)=gi[t-W];
¢; () =2x[ fo + £, (W)]; (W),

rne fp — Hecymmas yacrora cIryTHHKOBOTO CHTHAIA.
B cootBercTBUM ¢ (2) curHAD, OTpa)XEHHBIH OT
00beKTa HAOIONECHHUS, MOYKHO MPEICTABUTh CIICAYIO-

M 06paszom:

) i[ 2 (b )|

fi (t,u) =iy (t,u)g; (tu)e ,(3)

rie m; (t,u), §j(t,u) m ¢j(u) moxmo paccumrars
aHAJIOTHYHO BBIPOKEHUSM IS TPSIMOTO CHUTHAla OT
CIIyTHUKOBBIX CHUCTEM, C COOTBETCTBEHHON 3aMEHOI
Tj (u) Ha T () n fi (u) ua fi(u); T (u), fi(u) n
Wi (U) — Bpemsi 3a[1ep>KKH, YaCTOTHBIN CABHT U (a3o-
Bast OIIMOKA COOTBETCTBYIOIINX CILyTHHKOBBIX CHTHA-
JIOB, OTPAXKEHHBIX OT 00OBEKTa HAOMIONCHHUS.

Ucnione3ys (2) u (3), 3amuiiemM CUrHaibl B OIOPHOM
KaHaJle ¥ KaHaJe HaOIIOICHNS B CICIYIOIIEM BHIC:

N;j
fon (t’u) = Z\}ai,on (u)- fi (t,u)+
i=1

N;
Torp (t,U) = Z’\’ai,OTp (U)-I’i ('[,U)+
i=1
N;
+24/éi’0Tp(u) B (BU)+ g (BU), (@)
i=1

e & o (U), & o (U) mpencraBmsrOT COGOIT TMOTE-

PIO MOIITHOCTH B OIIOPHOM KaHaje, COOTBETCTBCHHO,
Ha MyTH "CIIyTHHK—TIPHEMHUK" W "CITyTHUK—OOBEKT

HabmiofeHnsTIpHeMHHK"; 8 or(U) 1 & orp(U) —

COOTBETCTBYIOIIUE ITOTEPH B KaHAJIe HAOIIOJCHNS.

B paccmarpuBaeMoii cucteme OHCTaTHYECKOM
ITKJI oOGHapy>xeHue mesel peaau3yeTcs B AByMEpHOU
obnactu "3a1epKKa—I0IIIEPOBCKUN CABUT YacTOTHI"
myteM Boruncienns BOH curnana kanana HaOmozne-
HUSl, B KOTOPOM TIPUCYTCTBYIOT OTPaXXEHUS OT LIENEH,
1 OTIOPHOTO CHTHAJIA, TIOTYISHHOTO C HAaIIPABJICHHS Ha
HCTOUHMK moxacseTa. IIponecc Beruncinenus BOH B
cucteme oucraruueckor [IKJI mpu ucmons3oBaHHM
cnyTHUKOBbIX curHanoB GPS L1 C/A-kona ans MoHH-
TOPUHTA CYIOXOJICTBA B IPUOPEKHBIX paiioHaxX Mpen-
CTaBJICH Ha pHC. 6.

B paccMarpuBaemoli cucTeMe OTIENbHBIC CITYT-
HUKHA UMEIOT Pa3HOEe MPOCTPAHCTBEHHOE ITOJIOKCHHE
1 BEKTOP CKOPOCTH H, MOCKOJIEKY HECKOJIBKO HCTOY-
HUKOB OyAyT OIHOBPEMEHHO OCBENIaTh OJHY 30HY
HaAOMIONEHNsI, HEOOXOAUMO pa3leNUTh WX MpsSMbIe
CUTHaJIbl TIEpell KOPPENALNMOHHON 00paboTkoii B
000MX KaHajaX KaKIO0W MPHUEeMHOW Mo3uiuu. B mpo-
necce moucka koma IICIT (C/A-koma) mis perieHus
3TOM 3a7a4M WCHOJIB3YeTCS JETEKTOP CTaHIAPTHOTO
kona IICII. Ipuanun pabotsl aerekropa kona I1CIT
3aKJIIOYaeTCs B TOM, YTO TMOCIENOBATENbHO OCY-
HIECTBISIETCSI CpaBHEHHE ()parMeHTa CHUTHama Mps-
MOTO KaHajia ¢ Pa3JIMYHBIMM MOCIIEI0BATEIILHOCTAMHU
C/A-xonos IICII. D10 HEOOXOIUMO TSI TOTO, YTOOBI
OTIPENCTUTh BPEeMs 3aJICPKKHA M CIBHUT YaCTOThI KaXK-
010 CHyTHI/IKOBOFO CUrHajia B l'IpI/IeMHI/IKe. OHOpHaH
nocienoBarenbHocTh kopa IICIT 3amaercst mocpen-
ctBoM redeparmu C/A-kona. Jlist Toro 4ToObl AeTeK-
TOp W OJOK OTCICKMBAaHUS Koia paboTand mpa-
BHJIBHO, TIPSMOM CITyTHUKOBBIM CHTHAJ JOJKEH OBITH

JOMUHUPYIOIIUM B OITOPHOM KaHAJIC:

N
+§\/ai,on(U> i (8,U) + nop (t,U); 8. on () >> & o, (U). (5)

1=
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Puc. 6. TIporiecc Borancnenus BOH B cucreme ITKJI ¢ curnanom noacsera THCC

Fig. 6. The process of calculating the cross-correlation function in the PCL system with signal GNSS illumination

Ecim ycnoswue (5) BBIONHEHO, OJIOK OTCIICKMBAHUS
koxa TICII MOXeT HpemnoCTaBUTh OLEHKY 3aJepiKKH

% (u) ~ 1 (u), wacroTHoro cnpura fi(uW=f(u) u

casura dassr 0j (U) ~0; (U) curnana, koTopsIii pac-
MIPOCTPAHSIETCS HAa TyTH ""CyTHUK—TIpueMHUK". [{anee
3Ta UHQOpMAIKsA MepeaaeTcs B OJOK OTCIC)KUBAHHS
koza IICII, B KOTOpOM MOXKHO 0OecreduTs bosee To4-
HYIO OLICHKY BPEMCHHU 3aJICPKKU U CABUT'd YACTOThHI, a
Taroke QIIBTPOBATH MPSMOM CUTHA C TIOMOIIBIO CTaH-
naprtHoro kona [ICIT:

m; (u)= m; I:U -7 (u)]ejZTt\Ili(U),

rae (i (U) — ¢asoBas ommbka W3-3a HeMmaEaTbHOI
(GUIBTpanny Koa U SBJICHUHA MPH PACIPOCTPaHSCHUN
B CBOOOJTHOM TIPOCTPAHCTBE.

Ucnonw3yss nmanubie ot reHepanuu C/A-kona,
0JI0Ka OTCJIEKMBAHUS CUTHAJIOB U OJIOKA 3KCTPaKTOpa
NAV-coo0ieHwid, IpsSMbIE CUTHAJIEBI OT i-T0 CITyTHUKA
MOYXHO BOCCTAaHOBHUTH KaK

i soc (t,u)=m; (W g (t, u)ej[Znﬂ(u)(t+u)+éi(u)], ©)

e Gj(t,u)=gj[t—% (u)] - capumyreii o Bpe-
menu xkox IICII.

[Tocne BOCCTaHOBIECHUS NPSMBIC CITyTHUKOBBIE
CUTHAJIBI, IPHHATHIE OT Pa3HBIX CITyTHHUKOB, Tepena-
10TCs B 070K Koppensaiuuu. CUrHaNbI, OTpaKeHHBIE OT
00OBEKTOB HAONIOZCHUS, TOCPEICTBOM Al TUBHON
GUIBTpanuy ¢ MOMOIIBI0 MoOAeJeld BOCCTAaHOBIICH-
Horo curHana paszzaenstorcs no koxy IICIT u Taxke
nepenarTcs B 0ok koppensiun. BK® Mexmy Boc-
CTaHOBJICHHBIM TIPSMBIM CUTHAJIOM (6) M CHTHAIIOM,
OTpaXeHHBIM OT OOBekTa HaOmomeHus (4), MOXeT
OBITH BRIpOKEHA KaK

Si (kvu) ZJ‘;— I7i,,kBoc (t - k’u)rOTp (t’u)dt =
=s; (k,u)+§ (k,u)+n; (k,u),

rae K — BpeMs 3alepiKKH;
KOMITIEKCHOTO COTPSIKEHUS;

Si(K,U) =3 omp (W) [ o (t-K,0)1 (£}l (7)
$i(K, )= 3 orp W[ poc (t-K ) (L)t (8)

T *
N (k,u)=j0 T, Boc (t_k’u)no’l'p ('[,U)dt

— CHMBOJI onepanuunu

— BBIXOJHBIC KOMIIOHCHTBI KOPPCIIALINU, CBA3AHHBIC C
MIpsAMbIM CUTHAJIOM, CUTHAJIOM, OTPaKCHHBIM OT 005-
CKTa Ha6.]'IIO,Z[CHI/I$I, 1 IIYMOM COOTBETCTBCHHO.
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Hocxomsky i (U) = i (U), (7) 1 (8) MoxkHO Hepe-
TMCaTh B BUIE

5i (K,U) = a3, orp (U)- A(K,0); ©)
§ (k,u) = & o (W)~ Al At (u) +k, Af; ()], (10)

e A(k, 0) — ceuenne BOH koga IICIT Mexy omop-

HBIM ¥ BOCCTAHOBJICHHBIM CITYTHUKOBBIMU CHTHAJTAMU
MpU  HYJACBOH CKOPOCTH OOBEKTa HAOIONCHHS;

A(r, f ) — (pyakus vHeonpenenenHoctr kona [1CII ¢
BpEMEHEM 3aJIep)KKd T M YaCTOTHBIM CHBUIOM f;
Atj(u)=1; (u)—7; (u) — Gucrarmueckas 3amepiKa;
Af; (u) = fi (u) - f; (u) — nommepoBckuii ciBur:

U3 (9) u (10) Bugmo, uto Sj(K,u) Gyner umers

JIBE OCHOBHBIE KOMITOHEHTBI: O/THY C HYJIEBOH 3a/1ePK-
KOU ¥ HYJIEBBIM JOIUIEPOBCKUM CIIBUTOM, U OJIHY C KO-

opmuuaramu At (U) u Af; (u). Ecim At (u) # 0 wm
Afj(u) #£0, TO MOXHO TOBOPUTH O HATMYHH IETH U

OIICHUTH €€ JATHHOCTh U PaJUalIbHYI0 CKOPOCTh. Bee
pe3ynbTrarhl BeruucieHuss BKO® mexay BoccTaHOBIIEH-

HbIM IIPpAMBIM CUTHAaJIOM W CHUI'HAJIOM, OTpa-
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JKCHHBIM OT 00BbeKTa HAOJIONCHUS, COXPAHIIOTCS B
OIepaTUBHOM 3aloMuHaroIeM ycTtpoiictee (O3V).
Brruncienne BOH curnana xanaia HaOMOLEHUS U
omnopHoro curHaia Bkimodaer pacuer BOH IICII
(C/A-xoma) OIOPHOTO CHUTHAaJa CITyTHUKOBOH CH-
crembl GPS u curnama, oTpaXeHHOro OT OOBEKTa
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poro nipeodpazoBanus Oypee (BI1D), mpumensiemMmoro
k otnensHbeM BK®. Ananus BOH C/A-kona cursana
cyTHUKOBBIX cucteM GPS, mpusenmenusii B [15]
(puc. 7), moka3pIBaeT, YTO CHUCTEMa OMCTATHUYECKON
[IKJI MmoHuTOpHHTa MPUOPEKHBIX PAHOHOB MOPCKOU
MOBEPXHOCTH C UCIOIB30BAHUEM CITYTHHKOBOTO CHUT-
Hana GPS B kauecTBe curHaa MmojicBeTa UMEeEeT XOpo-
LIYI0 Pa3pelIaloulyl0 CIIOCOOHOCTh M0 JAIbHOCTH U
CKOPOCTH.

Oo6mas ctpykrypHas cxema MII PJIC monwmTo-
pUHTa MOPCKMX aKBaTOPHii B MPHUOPEKHBIX pailoHax
npencTabieHa Ha puc. 8. MIT PJIC BkmodaeT B cebs
cucreMmy Ouctaruueckoit I[IKJI (N cranumii) Ha oc-
HOBE CIyTHUKOBBIX curHanoB moacsera [ HCC, mo-
IyTd aBTOMATHYECKOW WACHTU(PHUKAIIMOHHONW CH-
cteMsl cynoB (ANC), cucteMy OeperoBbIX akTHBHBIX
PJIC u npyrue cuctembl pauoiaoKalldiOHHOW HH(OP-
marun (PJIN). MadopMaius oT OTAeNbHBIX TaTYUKOB
BCEX CHUCTEM TOCIIe TPEIBAPUTEIILHON 00pabOTKH TIe-
penaeTcs Mo KaHajlaM CBSI3H B YCTPOHCTBO COBMECT-
HOW 00pabOTKM WM IIEHTP 0O0pabOTKHA HH(pOPMAIUH
(YCO u HOW), rae xomIniekcupyeTcs, 0ToOpakaeTcst
Ha WHAWKATOpax orepaTtopa, mepeaaercs moTpedure-
JSIM | apXuBHpyeTcs. He Bce cyma ocHaIeHBI cUCTe-
Mamu AUC, a aktusHble PJIC MOHUTOpHHTa MOPCKOH
MTOBEPXHOCTH MMEIOT OTPaHNICHHYIO 30HY HaOIIoe-
HUS. DTO MPHUBOAUT K OTPAaHUUYCHUSAM IIpHU HaOIIoIe-
HUM 32 JCHCTBHUSIMH BCEX OOBEKTOB B MPUOPEIKHBIX
paiioHax.

O6cy:xaenne. PaccmoTpenHas cucteMa OucTaTu-
yecko [1KJI ¢ uconp30BaHEM B KaUE€CTBE MOACBETA
CIIYTHUKOBBIX CUT'HAJIOB MOXCT 6I)ITI> 33}16171CTBOB3H3
B coctaBe MII PJIC MOHUTOpHHIa MOPCKHUX aKBarTo-
puii B palioHaX MHTEHCUBHOTO CYIOXOZCTBA JIJIs 00ec-
nedeHnsT O€30MACHOCTH IBM)KECHUSI CYIOB, OTIEPATHB-
HOTO KOHTPOJISI MOPCKHX PabOT B OTKPBITOM MODE,
OBICTPOTO aHAJIN3a OOCTAHOBKH Ha MOpE MPH aBapHii-

Hoii cutyanuu. MII PJIC, Bkmovatomas B ceds moj-
cuctemy Oucraruueckoir IIKJI ¢ wucnons3oBanneM
CIIyTHUKOBBIX CUTHAJIOB IIOJCBETA, NAET Pl AOIOJ-
HUTENBHBIX IPEUMYILECTB!

— YBENIMYEHHE 30HBI HAOMIONCHHS;

— MOBBILLIEHNE TOYHOCTH U HaIEKHOCTHU OLICHUBA-
HUSI TapaMeTPOB 00BEKTA HAOIIOCHNS;

— YAy4llIEHHE XapaKTepUCTUK TPAEKTOPHOIO CO-
IIPOBOXKAEHUS;

— BO3MOXHOCTh KOMOMHHUPOBAHUSI Pa3HOTHUITHBIX
JIATYUKOB, IPEIOCTABIISIONINX CYILIECTBEHHO pa3iny-
Hy0 HHpOopMAIHIO 006 00beKTe HAOITIOICHHUS,

— MOBBILIEHUE YCTOMYMBOCTU PabOTHI KOMILIEKCa
npu cOosX B (PYHKIMOHUPOBaHUM OTACIBHBIX PJIC,
YTO BBIPA)KAETCs B YBEJIIMUEHUHU €T0 KUBYUECTH U I10-
MEXOYCTOWIMBOCTH.

Bueapenuem B MII PJIC cuctembl Oucratmue-
ckoil ITKJI ¢ nucronb30BaHMEM CIYTHHUKOBBIX CHUTHA-
JIOB MOXKHO TOBBICUTH 3()()EKTHBHOCTD pelieHus 3a-
Jla4d HEMPEepHIBHOTO WH(POPMALMOHHOTO obecmeue-
HUsl 0€30MacHOCTH JBUIKECHHUS CYNOXOACTBA U MOP-
CKOM JeSATEIBHOCTH B IPHOPEIKHBIX pailoHax.

Takum 00pa3oM, PacCMOTPEHBI CYIIECTBYIOIINE
METO/IbI TOBBIIIEHHS YPOBHS MOIITHOCTHU CITyTHUKOBBIX
CUTHAJIOB Ha BXOJIE€ IIPUEMHOIO yCTPOICTBA; Mpeio-
JKeH OOIIUIA aJITOPUTM 00pa0OTKH CUTHAJIOB, YIUTHIBA-
IOLIMI MHOTOMO3UITMOHHOCTh CHUCTEMBI, PacCCMOTPEH
nporiecc Berancnenus BOH B cucteme Oucrarnyeckoi
IIKJI ¢ ucronp3oBaHreM cyTHUKOBOro cursana GPS
C/A-xoma ayst 3aja4 MOHUTOPHHTA TIPHOPEKHBIX paii-
OHOB MOPCKOM NOBEpXHOCTU. PaccMOTpeH Bonpoc uH-
terparn [TKJI B cocraBe MHOTONO3UIIMOHHON pajvio-
JIOKAIIMOHHOM CHUCTEMBbl MOHMUTOPHHI'A MOPCKHMX aKBa-
TOpUH B paiioHaxX UHTEHCUBHOI'O CYI0XOACTBA. B nasb-
HeHIeM NpearnonaraeTcst M3rOTOBJICHUE OIMBITHOTO 00-
pasia oucrarnueckoi [TKJI Ha OCHOBE CITyTHHKOBBIX
CUTHAJIOB U €€ TpaKTHUYecKas ampodanusi B mporecce
MIPOBEICHUS SKCIIEPUMEHTAJIBHBIX UCCIIEIOBAaHUHN B pe-
aJIbHBIX YCIIOBUSX.
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AHHOTaUmA
BBepeHue. [Insa KOHTPOANPYEMOro ynpaBieHWs TeMa0BbIMWU NpoLeccaMu YCTPOCTB CUAO0BOM 31eKTPOHUKN
Ba)XKHO 3aAadeli ABnseTca NosbllleHre 3GPEeKTUBHOCTM OTBOAA Ter/ia OT aKTVUBHbIX KOMMOHEHTOB.
Llenb pa6oThl. MNpejcTaBneHe HOBOro NoAxoAa K pasMeLLeHnto IMHENHOro NCTOYHMKA Ternla KOHTaKTHOro
T!MNa Ha MOBEPXHOCTM TOHKMX 06Pa3sLIOB C LieNbio NCCNeA0BaHNA 0CObeHHOCTel pacnpocTpaHeHs TenaoBbIX
MOTOKOB B OKCUAHBIX MOA/0XKAX M3 MaTepUanos C pasN4yHON TeNNoNpPOBOAHOCTHLIO.
MeTopabl. MNpescTaBneHbl pesybTaThl UCCIEA0BAaHNN OCO6EHHOCTeN pacnpoCTPaHEeHNS TEM/I0BbIX MOTOKOB B
OKCUAHBIX MOAN0XKaX C Pa3/INYHON TEMI0MPOBOAHOCTLIO (CUTaAN 1 NOANKOP). NS reHepauumy TeNJI0BOro Mo-
TOKa MCMONb30BaCH ANHENHbIA UCTOYHUK Tenna, B KayecTBe KOTOPOro NMpUMeHsiacb 3/1eKTPoNpoBOASALLas
yrnepojHas HTb.
PesynbTathl. [loNyyeHbl TepMorpaMMbl 1 Npoduan pacnpegeneHns TeMnepaTypbl B Pa3indHble MPOoMeXyTKM
BPeMeHM HarpeBa Ha MOBEPXHOCTW MOAJIOXKN C 31eMEHTOM HarpeBa 1 Ha ee obpaTHoOli cTopoHe. MokasaHo,
YTO pasmeLleHre MHEeNHOro MCTOYHMKA Tenaa Ha OCHOBE 3/1IeKTPOMNPOBOAALLENA YrIepofHON HUTKU Ha no-
BEPXHOCTU MCCIefyeMbix 06pasLioB 1 MOHUTOPUHT BO BPeEMEHW TepMOrpamMm C AByX MPOTMBOMOMOXHbIX MO-
BEPXHOCTeN NO3BONAT NOAYYNTb AaHHblE AN OLEeHKM 3PEKTUBHOCTY TEMIOBBLIX CBOMACTB OKCUAHBLIX NMOA/IO-
XeK. PacnpocTpaHeHve TenioBoro NoToka B OAHOPOAHOM MaTepuane B6AU3M MecTa reHepaumv MMeeT BUA
KOHyCa TemnioBoi Tpybbl C OCHOBaHMEM Ha MOBEPXHOCTN C UCTOYHWKOM Terna. TenioBoi KOHYC A8 KepaMuKu
“MeeT 60/bLUMIA Yroa Hak/IoOHa, YeM B Clyvae cuTanna.
3astoueHme. lNosyyeHHble pesy/bTaTebl MO3BOANAN NPEANOXUTE CMOCOD CHVXKEHWNS TeMI0BOro CONMpPOTUBAEHNS
Ten/I0NPOBOASLLEl MNOAIOXKM 3a CHET CO3AaHNS YCIOBUI AN yBENUYEHNS MIOLLAAN TEMNONPOBOAALLErO CeUeHMSs.

KnroueBble cnoBa: 0KCMAHas KepamMumka, NoINKOP, CUTa, TEMA0BON NOTOK, TEMAOMPOBOAHOCTL, TEPMOrpaMm-
Mbl, INHEHbIN NCTOYHUK Ternna
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Abstract

Introduction. For controlled thermal management of power electronics devices, an important task is to in-
crease the efficiency of heat removal from active components.

Aim. To introduce a new approach to placing a linear contact-type heat source on the surface of thin samples
in order to study the features of propagation of heat fluxes in oxide substrates from materials with different
thermal conductivities.

Methods and materials. The paper presents the results of studies of the propagation of heat fluxes in oxide
substrates with different thermal conductivity (glassceramic and aluminum oxide ceramic - polycor). To gener-
ate the heat flux, a linear heat source was used, for which an electrically conductive carbon fiber was applied.
Results. Thermograms and temperature distribution profiles were obtained at different periods of heating
time on the surface of the substrate with a heating element and on its reverse side. It was shown that the
placement of the linear heat source, implemented using an electrically conductive carbon filament, on the sur-
face of the studied samples and time monitoring of thermograms from two opposite surfaces of the samples
allowed to obtain data for evaluating the thermal properties of oxide substrates. The distribution of the heat
flux in a homogeneous material near the generation point had the form of a cone of a heat pipe with a base on
the surface with a heat source. The thermal cone for an aluminum oxide ceramic substrate had a larger angle of
inclination than that in the case of glassceramic.

Conclusion. The results obtained allowed to propose a method for reduction of thermal resistance of a heat-
conducting substrate by creating conditions for increasing the area of heat-conducting section.

Keywords: oxide ceramics, aluminum oxide ceramic, glassceramic, heat flux, thermal conductivity, thermograms,
linear heat source
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Beenenune. /[ ynpaBiieHUS MOIUHBIMH DJIEK-
TPUUYECKUMHU MPOLECCAMH B YCTPOWCTBAX CHUJIOBOM
ANEKTPOHUKN HEOOXOIMMO HCIIONB30BaTh d(PdeKTHB-
HBIE pEIICHUs JJIs OTBOJA TeIia OT AKTUBHBIX KOM-
MTOHEHTOB, PACIIONIOKEHHBIX HA MOHTaXHBIX JHIJICK-
TpUUECKUX MoIokkax [1—7]. OgHUM U3 TakuX pe-
LIEHUH SBJISIETCA MCIOJNb30BaHUE TETUIONPOBOASIIUX
TOJIJIOKEK C BBICOKOHM TEIIONPOBOAHOCTHIO [8, 9].

WNudopmanms 0 TEIUIOBBIX CBOMCTBaX TMOMIOKKU U
0COOCHHOCTSAX OTBOJA TEILIa B ¢ 00beMe HeOOXOI -
Ma JJIs YIpaBJICHUS PESKMMaMH PabOThI YCTPOWCTB
MOIIIHON CHIJIOBOM 3JI€KTPOHUKH.

B peanbHBIX ycIOBHAX pacmperesieHHe Teruio-
BBIX ITOTOKOB BHYTPH MOHTQ)XKHOH MOIOKKH HE sIB-
JIETCSI PAaBHOMEPHBIM. OTO CBSI3aHO C HAIWYHEM
TOPSIYUX TOYEK Ha TIOJIOKKE, B KOTOPBIX MPOUCXOIAUT

54 HccaenoBanue pacnpocTpaHeHHs TENJIOBOr0 NOTOKA B TENJIONPOBOAAIIUX OKCHIHBIX
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MOBBIIICHHOE TeIUloBblAeNeHre. ONnTuMHU3aus Bo-
MPOCOB IPUMEHEHHS MOAJIOKEK B YCTPOHCTBAX CH-
JIOBOY AIIEKTPOHMKY BBHIBOJIUT HA MEPBBIN IJIaH 33]1a-
4y OnpeieieHus B HX 00beMe pealbHON (OpMBI TeTl-
JIOBBIX NOTOKOB [10], KOTOpBIE T€HEPUPYIOTCS AKTUB-
HBIMH TOJYIPOBOJHUKOBEIMA KOMIIOHCHTAMH Ha
MTOBEPXHOCTH.

JAns perucTpanmy TeMIeparypbl ITOBEPXHOCTH
HCTIONIB3YIOTCSI ONTHYECKHE METOABI KOHTPOJS, B
YaCTHOCTH TeruioBU3nOHHbIE [11-14]. OHu mo3Bo-
JISIOT BU3YaJIU3UPOBATh MPOLECCH PACIPOCTPAHEHUS
TelUIa Ha TOBEPXHOCTH IMOMVIOKKH U OLEHHUTH €€
TEIUIOBBIC XAapaKTEPUCTHKH. JIOCTOMHCTBOM TaKHX
METOIOB SBJSIETCS OTHOCHTENbHAS IIPOCTOTA TPOBE-
JEHHs] SKCTIEPUMEHTa U BO3MOXXHOCTh PErHCTpaIuu
TEIUIOBOY KapTHUHBI B PEaIbHOM MacIlITade BpEMEHH.

Lenpto HacTosLEeN CTaTbU SIBISIETCS H3yUYEHUE
MIPOIIECCOB PACIPOCTPAHEHHs TEIUIOBBIX MOTOKOB B
TEIUTOTIPOBOAAIINX OKCHIHBIX ITOUIOKKAX C Pa3iIid-
HOW TEIUIONPOBOAHOCTHIO (CUTALT M TOJUKOP), CO-
3[1aBa€MbIX C MOMOIIBIO JTUHEWHOTO MCTOYHUKA TeTll-
Jla Ha UX TTOBEPXHOCTH.

Marepuajsl 1 MeToabl. B 3KcniepuMeHTax Io
HCCIICIOBAHHUIO TEIUIOBBIX CBOWCTB HCIONB30BAIICH
IIBa THMA TEIUIOMPOBOISIINX MOAJIOKEK: ATIOMOOK-
cunHast kepamuka Mapku BK100 (monmxop) u3 monu-

kpuctawmaeckoro AloOgz (99.6 %) ¢ koabdurmen-
tom Tertonposoasoctd 30 Br/(M-K) m tommmmoii
0.5 MM u cutamn mapku CT50-1 tommuaOoM 0.5 MM ¢
Si0y  (60.5 %), Al,0O3
(13.5%), CaO (8.5%), MgO (7.5%) u TiO,
(10.0 %), B KOTOPOM MHUKPOKPUCTAIUIBI pPyTHIIA
(a-TiOy) u xopamepura (2MgO —2Al,03-5Si0;)

SIBIISIFOTCS. OCHOBHBIM KOMITOHEHTOM, ¢ K03(pduiiren-

OKCHUJHBIM  COCTaBOM

Tom Tertonposonnoctd 1.4 Br/(m-K). U3 momno-

JKEK BhIpe3anch 00pasipl pasmMepom 60 x 24 mm. Ha
MMOBEPXHOCTH 00pPAa3IoB pa3Merancs JWHEHHBIH Hc-
TOYHWK, BBUICTSBIIMKA TEIJIO TPH MPOXOKICHUH
JJIEKTPUUECKOTr0 TOKa. B KauecTBe asieMeHTa Harpesa
KCIIOIb30BANIaCh  YIIEPOIHAsl 3JIEKTPOIIPOBOIIIAs
HUTH (BUCKO3HAs TexHuueckass HUTH) [9, 15]. [Toxro-
TOBJICHHBIE OTPE3KH HUTH U3 YIJIEPOIHOTO BOJIOKHA
pazmepamu 110 x 4 x 0.06 MM UMenU COIPOTHUBIIE-
Hue 60 OM. KoHLbI HUTEH METAIITM3UPOBAIIUCH CIIO-
eM meau (tommuHa 30 MKM, rajibBaHHYECKOE Oca-
xzaeHue). Hute ¢ MeTalIM3UpOBaHHBIMH KOHIIAMU
pasMenianach Ha MOBEPXHOCTH TOMJIOKKH U (DUKCH-
poBallach CIEIUAIBHOW CTEKIOTKaHbIO (CTEKIJIOBO-

JIOKHOM, TIPOMHUTAHHBIM STOKCUIHOW cMOoi). JlnmuHa
HarpeBaress [03BOJIIET M30THYTh €r0, OXBaThbiBasl BECh
MEPUMETD MPSIMOYTOIEHOTO FICCIIEyeMOro oOpasria.

Jns nomydeHus TepMorpaMM C IOBEPXHOCTH
MOJUIOXKKH HMCIIONIb30BAIach TEINIOBU3UOHHAS KaMepa
MobIRM4. Ilocne nogauy MUTaHUSI HA HarpEeBaTElb-
HBI 3JIEMEHT C HMHTEPBAaJOM B 5 ¢ MPOBOIMIACH
ChbEMKa TEpMOIPaMM IOBEPXHOCTH IOAJIOKKHU IJIs
MOJIy4eHUs. KapTUHBI TemIeparypHoro mnomas. s
MOJTyYeHHUS CPAaBHUMBIX PE3YJbTaTOB SKCIEPUMEHTOB
HAa MOUIOXKKY U3 KEPAMUKH, UMEIOLIeH OONbLINHA KO-
3(QQUIUCHT TEIUIONPOBOIHOCTH, MOJaBaIach OOJb-
masi MOIHOCTE: 6.8 BT mo cpaBaenwnio ¢ 3.5 B, mo-
JlaBaeMbIMHU Ha MOMJIOKKY M3 cuTajuia. Ilpu 3toM Bo
BCEX OKCIEPUMEHTaxX (DUKCHUPOBAIUCH H30TEpMHUUE-
CKHe KapTUHBI TETJIOBOTO Mo TeMiepatypsl 30 °C.

Pacnipenenenne TemmepaTryp Ha MOBEPXHOCTH
MO/UIOKKK B pasiMyHble IPOMEXKYTKH BpPEMEHU
HarpeBa HMCIOJb30BaJOCh VISl ONpPENENIEHUs] CKOPO-
CTH PACIpOCTPAHEHUs] TEIJIOBOIO IIOTOKAa B IIPO-
JIOTFHOM HaITpaBJICHUU.

Pesynbrarel. B xone uccnenoBaHuii MOTy4eHbI
KapTUHBI PACIpOCTPAHEHHUS TEIJIOBOTO TOTOKa OT
JIMHEMHOro0 MCTOYHHUKA TeIUla B IOAJIOKKAX U3 Mare-
pHAJIOB € PA3IMYHOM TeronpoBonHOCThI0. CHUMa-
JUCh TEPMOTPaMMBbl paclpellelieHus] TeMIepaTyphl
Ha CTOpPOHE C JIMHEWHBIM HCTOYHUKOM TeIJa U Ha
00paTHOIi CTOPOHE B OIMHAKOBBIC MIPOMEKYTKU Bpe-
MeHu HarpeBa. Ha puc. 1 mpencraBneHsl Tepmo-
rpaMMBbl pacnpeieNeHusl TeEMIepaTyphl, CHATbIE IJis
JIByX TOBEPXHOCTEH MOIIOKEK W3 CUTaJIa U Kepa-
MUKH Ha MATOM CEKyH/Ie Harpena.

Kak u3BecTHO, TemnoTa, BeIAeIsAeMasi TUHEHHBIM
HUCTOYHUKOM, pAacIOJIOKEHHBIM Ha IOBEPXHOCTHU
MOJUIOXKKH, PAaCIPOCTPAHSETCA OT UCTOYHMKA OJUHA-
KOBO BO Bcex Hampasienmsx [16, 17]. Takoi Harpes
oTpesieNisieT XapakTep pachpeefieHus TEMIIEpaTyp B
MOJ/UIOKKE B Pa3IMYHbIE TPOMEXKYTKH BPEMEHHU.
TepMmorpammbl, npeAcTaBiIeHHbIE HA pHUC. 1, OTYeT-
JMBO JEMOHCTPUPYIOT OTIIEYaTOK TEILIOBOTO MPOhu-
7 PUCYHKA JIMHEHHOTO HarpeBaTesIbHOIO 3JIEMEHTa
Ha OOpaTHOW CTOpOHE MOUIOKKUA. B To ke Bpems
TeMIIepaTypa oTredaTka nmpoduist Gonee HU3Kasl, 4eM
TeMIepaTypa HCTOYHMKA HarpeBa Ha MPOTHUBOINO-
JIOKHOW MOBEPXHOCTU MOANIoKKH (puc. 2). HItpuxo-
BOM nuHMell moka3ana uzorepma 30 °C, u3MeHeHHe
TIOJIOXKEHHS KOTOPOH CO BPEMEHEM pacCMOTPEHO Jia-
nee. Ha puc. 2, ¢ ee HeT, Tak Kak NpoQuiIb TeMIepa-
TYpBI 00paTHOM CTOPOHBI KEPAMHUKH ITPOXOAUT BBIIIE
HU30TEPMBI.

I/Icc.nenonalme PACIIPOCTPAHCHHUS TCIJIOBOI'0 MOTOKA B TENMJIOMPOBOAAIINX OKCHAHBIX 55
MOAJIOZKKAX € paaun'{ﬂoﬁ TEIJIONPOBOAHOCTBIO METOAOM JIMHEHHOT0 UCTOYHHKA TeIJia
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Puc. 1. TepmorpamMMbl HOBEPXHOCTH MOJUIOKEK HA MATOM
CEKyHJIC HarpeBa: d, 6 — CTOPOHA PACIIOI0KEHHS JIMHEIHOTO
HCTOYHHUKA TeIu1a; 6, 2 — oOpaTHasi CTOPOHA; d, 6 — MOAJIOKKA

U3 CUTAILIA; 6, 2 — MOAJIOKKA U3 KEPAMUKU

Fig. 1. Thermograms of the substrates surface at the fifth
second of heating: a, ¢ — side of the linear heat source location;
6, 2 — the reverse side; a, 6 — sitall substrate;

6, 2 — ceramic substrate

MOo)XHO OTMETUTD, YTO B ciaydae curamia CT50-1
TOYTH BCs MOBCPXHOCTH MOMJIOXKKH B TCUCHUEC IICP-
BBIX 5C HE yCIeBaeT Harpetbcs (COXpaHseT CBOIO
HCXOHYIO TEMIIepaTypy), 32 UCKIIOYCHHEM yJacTKa,
II€ pacIHONOKEH JUHEHHBI MUCTOYHUK Teria. Jlims
KepaMMKM TEIUIOBas KapTHHA MMeEET APYroil BUI: B
pesynprare HarpeBa OOINbINAs 4YacTh MOBEPXHOCTH
MTOJUTOKKH HarpeBaeTcss M MPHOOpEeTaeT TeMIiepary-
Py, 3HaUeHHE KOTOpOH BhImie McxonHoil. Habmonae-
MBbIE pa3juuus B KapTUHE HarpeBa i BpEMEHHU S ¢
XOPOIIIO COIIACYIOTCS ¢ O0Jiee HU3KOH TeIIONpPOBO/I-
HOCTBIO MOIOKKH u3 cutamuia CT50-1 mo cpaBHe-
HUIO C TOAJIOXKKOH n3 kepamuku [18, 19], yto B uTO-
re ¥ MPUBOJUT K TAKOMY pE3yabTary.

J1s1 KOMM4eCcTBEHHOM OLEHKH CKOPOCTH pacIipo-
CTpPaHEHHs TeIia B MOUIOKKE HEOOXOIUMO Ompee-
JIUTh TEMIIEPATypHOE TOJIE, CO3[aBAEMOE JIMHEHHBIM
MCTOYHMKOM TEIIa Ha ABYX MOBEPXHOCTAX, B PA3JINIHLIC
MIPOMEXYTKH BpeMeHu. Ha puc. 2 mokazaHbl KpUBbIC

TAKOTO IMOJIS Ha MOBEPXHOCTSX M3 CHTAIUIA U KEepaMu-
KU JUTS1 HECKOJTBKMX MOMEHTOB BPEMEHHU.

BenenctBue  M30TPOMHOTO — pacTpoOCTpaHEHUS
Tema B o0beMe Marepuana IPH OJHOCTOPOHHEM
HarpeBe OTIEYaTOK MpO(WIs dIEeMEHTa HarpeBa Ha
00paTHOH CTOPOHE IOUIOKKHU pacIuIbIBaeTCs (pac-
mmmpsiercs). Kpome Toro, ero Temmeparypa MEHbIIIE,
YeM Ha CTOPOHE C AJIEMEHTOM HarpeBa. Hampumep, B
Cllyyae CHTaIUIa IS JIEBOH METIM HarpeBaTeIHHOTO
JJIEMEHTAa HA CTOPOHE MOMIOKKH C 3JIEMEHTOM
HarpeBa MaKCUMyM TEMIIepaTyphl Ha IISATOH W JBa-
nuaroit cexyngax cocrasiger 60.8 u 93.5 °C, a Ha
MPOTUBOIIOJIOKHONH CTOPOHE TOMIOKKHA TOA ITHM
anemeHToM — 33.5 u 70 °C coorBercTBeHHO. bonee
BBIp@XKEH Takoi 3(PdeKT I MomIoKKH U3 KepaMmHu-
KH, KOTOpas oOnanaer Oojiee BHICOKUM Ko3(DHUITNCH-
TOM TEIUIOPOBOHOCTH.

HarnsinHoe mpezncraBieHHe O paclpoCTpaHeHUH
Teria B Marepualie MOAJIMKKA MOXKHO TONYYHUTh U3
M30TEPMHYCCKHIX JIMHUN JJIsI PA3INYHBIX HHTCPBAJIOB
HarpeBa. Ha puc. 3 moka3aHo m3MeHEHHE MTOJI0KEHHS
M30TEpMHUYECKHX NTUHUHN ¢ Temmeparypoi 30 °C ot-
HOCHTENFHO JIMHEHHOTO MCTOYHWKA TEIUIa C YBEIH-
YCHUEM JUTUTEIBHOCTH Harpesa (T) TS MOIJIOKKH U3
cuTauia U Kepamuku. [1o TOpU3OHTANBHON OCH OT-
JIO)KEHO PACCTOSIHUE OT TOYCYHOTO MCTOYHHUKA TeIlia
B 000MX HampaBicHUSAX. TONIIMHA MOAJIOXKKA TIPEm-
CTaBJICHA YCIIOBHO.

Kak BugHO w3 puc. 3, B HavambHBINH MEPUOL
HarpeBa (5 ¢) Kak B CHTaJlIe, TaK M B KEPaMHUKE pac-
MPOCTPAHEHHUE TEIJIOBOTO MOTOKA B MaTepHale Moj-
JIOKKW WUMeeT BHJI KOHyca TeruioBoi Tpyosl [20] ¢
OCHOBAHUEM Ha MOBEPXHOCTU C TETIJIOBBIM UCTOYHU-
koM. C yBenndyeHHEeM BPEMEHH HarpeBa H3-3a OTpa-
JKEHHSI TeIia OT HMPOTHUBOIMOIOKHONH OTHOCHTEIHHO
TETIOBOTO MCTOYHHKA MOBEPXHOCTH BO3ZHHKACT B3a-
UMOJICHCTBUE MANAIOIINX W OTPaKEHHBIX TEIUIOBBIX
BOJIH B 00bEME MOMJIOKKH. DTO SIBISCTCS MPUIMHON
MCYE3HOBEHHSI TEIUIOBOTO KOHyca (Ui cHTajula M
KEPaMHKH Ha MATHAIIATON U JAECATON CEKyHIax Co-
OTBETCTBEHHO), W JAJBIIC TEIUIOBOH (HPOHT pacmpo-
CTpaHsETCs C OJUHAKOBOW CKOPOCTHIO BO BCEM O0B-
eMe MONIOKKH. BakHO OTMETHTh, YTO TEILIOBOW
KOHYC B CiIydae KepaMHKH (MaTepuana ¢ Ooibpliei
TEIJIONPOBOAHOCTBIO) UMeeT OONBIIUIA YroJl HaKIIOo-
Ha, YeM JJIs CHTajUia (Marepuana ¢ MEeHbBIICH Teruio-
MIPOBOIHOCTEIO).

AHamI3 TEIIOBOTO PAaCcCEHBAHMS MOIOKKH U3 Ke-
paMHUKH, ¥ B 4acCTHOCTH (POpMBI €€ TeIUIOBOrO KOHyca,

56 Hccnenopanne pacnpocTpaHeHUs! TEIVIOBOIO MOTOKA B TEIJIONPOBOAAIINX OKCHIHBIX
NOAJIOKKAX € pa3.]'ll/l‘lH0ﬁ TEIJIONMPOBOAHOCTBIO METOAOM JIMHEHHOro HCTOYHMKA TeIia

Investigation of Heat Flux Propagation in Heat-Conducting Oxide Substrates

with Different Heat Conductivity by the Linear Heat Source Method



W3Bectus By30oB Poccun. Pagnodmexrponnka. 2020. T. 23, Ne 3. C. 53-61
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 3, pp. 53-61

19 | | |
0 6 12 18

8

Ly, Mmm

t, °C

59

46

33

20

t,°C

w\
69— 15

53— \
5
37— 30°C AN
N
21 | | |
0 6 12 18 L, MM

Puc. 2. TemnepatypHble TpoGIM TOBEPXHOCTH ITOUIOKKH I PA3IMYHOTO BPEMEHH HarpeBa: d, @ — CTOPOHA PacIoJIOKEHHS
JIMHEHHOT0 MCTOYHUKA TeIa; O, 2 — 00paTHas CTOPOHA; a, O — MOJJI0KKA U3 CUTAILIA; 6, 2 — OAJI0KKA U3 KEPAMUKU

Fig. 2. Temperature profiles of the substrate surface for different time heating: a, ¢ — side of the linear heat source location;
6, 2 — the reverse side; a, 6 — sitall substrate; ¢, 2 — ceramic substrate

MOKa3all, YTO METAUIM3AlKsl OOpaTHONH CTOPOHBI MOI-
JIOXKKU MOMKET 3HAYHUTEITLHO YITyUIIUTh TETUIOBBIC XapaK-
TEPUCTUKH 3a cUYeT OoJiee OBICTPOro HarpeBa OOPaTHOM
CTOPOHBI U CO3/IaHHs YCIIOBUIA [UTSI PABHOMEPHOIO pac-
MPOCTPAHEHHS TEIUIOBOTO MOTOKa B oObeme Oe3 oOpa-
30BaHUS TEIUIOBOTO KOHYCA.

Curamy/Sitall
12.0 7.26.0 1616 6.0 7.2 12.0 MM
12.0 7.36.1 6.17.3 12.0 MM
Kepamurka/Ceramic
12.0 5.5 n 5.5 12.0 MM
12.0 1.6 - 1.6 12.0 MM
T -5¢; —10¢; — —-20c¢

Puc. 3. I3MeHeHHe MONOKEHHS U30TEPM IIOCKOT O
TeMreparypHoro npo¢uis ¢ remneparypoit 30 C
OTHOCHTEJIBHO JINHEHHOTr 0 NCTOYHHKA TeIUIa Ha IOBEPXHOCTH
C 2JIEMEHTOM HarpeBa (W) U Ha 00paTHOH CTOpPOHE

Fig. 2. Change in the position of isotherms of a flat
temperature profile with a temperature of 30°C relative to
a linear heat source on the surface with a heating element (m)

and on the reverse side

Kak HarmsgHO MOKa3aHO Ha puC. 3, IpH yBeNH-
YeHNH TEIUIONPOBOTHOCTH MaTepHaja CKOPOCTh pac-
MIPOCTPaHEHUs] TEIUIOBOTO IIOTOKAa OT MCTOYHHKA
TeIJla B MaTepHajie B HAIpaBJICHHUH, MapajieIbHOM
MOBEPXHOCTH 00pasia, 3aMETHO BO3pAcTaeT. ITo
MO3BOJISICT TIPEATIONOKUTh, YTO, €CIH B KauecTBE
Marepuaa BHIOpaTh Menb (MaTepral MeTaJLIH3aliH,
HUMEIONINH BBICOKYIO TEIUIONPOBOAHOCTE), CKOPOCTh
pacrpocTpaHEeHUs IIOTOKA TeIyla B HEM MHOTOKPATHO
Bo3pacteT. [loaTomy ecnu marepuan obOpasma Oymer
MHOTOCJIIOWHBIM: OAWH CJIOW M3 Marepuajia ¢ HU3KOU
TETUTONIPOBOAHOCTRIO M BTOPOH — W3 Marepuania C
BBICOKOH TEILTOTIPOBOAHOCTHIO, TO KapTHHA PacHpo-
CTpaHEHUS TeIa OyJeT CYIeCTBEHHO OTINYAThCS OT
OIHOCJIONHOTO 00paslia U3 MaTrepuaia ¢ HU3KOH Ten-
JIOIPOBOIHOCTBI0. DTO SIBIAETCS TEMOH JalbHEUIINX
UCCIIEIOBaHHUH aBTOPOB.

Pemenne ¢ nmpuMeHeHNEM MeTaIH3aIK o0part-
HOW CTOPOHBI TOUIOXKKH II03BOJISIET HCIIONIB30BATh
BECHh 00BEM TOAJIOKKHU M3 KCpaMUKHU IJIs TEIIJIOBOIO
pacceuBaHusi, T. €. YBEIMUYMUTh ILIOWIAJb TEILIONPO-
BOJSILLETO CEYEHUs], YTO B pe3ylbTaTe NPUBOAUT K
YMEHBILIEHHUIO TEIJIOBOro conpoTusieHus. Ilomnox-
KM W3 KEePaMHUKH C METaJUIM3MPOBAHHOW 0OpaTHOU
CTOPOHOM MOT'YT HallTW NpPUMEHEHUE Ui YIyullle-
HHS TETUIOBBIX PEKUMOB PaOOTHI yCTPOHCTB CHIIOBOH
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JJNIEKTPOHUKHA C AKTHBHBIMU D3JIEMEHTAMU Ha MOH-
TaKHBIX ITOIJIOKKAX.

3akiiouenue. B HacTosimied craree TpencraB-
JICHBI PE3YNBTaThl UCCIIEIOBAHUHA PACIPOCTPaHCHHUS
TEIUIOBOTO TIOTOKa B TEIUIONPOBOASIINX OKCHUAHBIX
MOJUIOKKAX C Pa3IMuyHOM TEeIUIONPOBOAHOCTHIO (CH-
TaJl ¥ MOJKKOp). JIJIsl reHepany TEeIIoBOro MOTOKa
HCIIONB30BAJICS JTMHEHHBIM MCTOYHUK TEIlIa, B Kade-
CTBE KOTOPOTO MPHUMEHSIACH BIIEKTPONPOBOISIIASL
YIJICPOTHAS HUTh.

[Moxy4eHs! TepMorpaMMbl U Tipodrin pacrpesne-
JIEHUs] TEMIIEpaTypbl B pa3iM4YHble MPOMEXYTKH
BpEMEHH HarpeBa Ha MOBEPXHOCTH MOAJIOKKH C 3JIe-
MEHTOM HarpeBa M Ha ee oOparHOU ctopone. [Toka-
3aHO, YTO B ()OPMHUPOBAHNUN KAPTHHBI TEIUIOBOTO IT0-
JI1 BaXHYIO POJIb MIpaeT KOA(QHUIIUSHT TEIIonpo-
BOJIHOCTH TMOMAJIOKKH. PacmpocTpaHeHHe TEIIoBOTO
MOTOKa B OIHOPOJHOM Marepuaie BOIW3U TOYKH Te-
HEpaluyd UMEEeT BUJ KOHyca TEIUIOBOW TPYOBI C OC-

HOBaHHEM Ha IOBEPXHOCTH C HCTOYHHUKOM TeIUIa.
TeroBo#l KOHYC ISl TOJIJIOKKHA U3 KEPAMHUKH UMEET
OONBIIKI YTOT HAKIIOHA, YeM B CITydae CHTAILIA.

AHanu3 TEIUIOBOTO PAaCCEUBAHUS TOMJIOKKH W3
KepaMHKH, U B 4aCTHOCTU (HOPMBI €€ TeIJIOBOTo KO-
Hyca, MOKa3al, YTO METaJUTH3aIs OOPaTHON CTOPOHBI
MOAJIOKKHA MOKET 3HAYUTEIHHO YIYyUIIUTh €€ TEIUIo-
BbIC XapaKTepUCTUKU. B 3ToM ciydae 3a cuet Gonee
ObICTpOro HarpeBa OOpaTHOW CTOPOHBI CO3[AIOTCS
YCIOBHS [UISI PABHOMEPHOTO PAaCHpPOCTPAHEHHS Tell-
JIOBOTO TTOTOKA B 00beMe 0e3 00pa3oBaHUS TEIIJIOBO-
ro KOHyCa, T. €. YBEIMUMBACTCS IUIOMIAAb TEILIONPO-
BOJAIIETO cedeHus T 3D PESKTUBHOTO TEILIOOTBOIA.

[Monnoxxku U3 KepaMUKH C METAJUTM3UPOBAHHOM
00paTHOW CTOPOHOH MOTYT HaWTH NMPUMEHEHUE IS
VIIy4IIEHUS TEIUIOBBIX PEXUMOB pabOTHI YCTPOHCTB
CUJIOBOM 3JIEKTPOHUKHU C aKTUBHBIMU DJIEMEHTaMU Ha
MOHTaXHBIX MOJIOXKKAX.
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AHHOTaUmA

BBepeHue. OnpegeneHne MeCTONONOXEHNS OOBLEKTOB B 3aKPbITOM MOMeELLEeHUN UrpaeT 60MbLUyio posb BO
MHOTMMX cpepax AesTeNlbHOCTY YesioBeka, B TOM YnC/e 1 B MeguLUnHe. VIcnosib30BaHMe TeXHOI0M A 10KaIbHOro
NO3VLNOHNPOBAHNS B COCTaBe TefleMeULNHCKUX CUCTEeM MO3BOJISET NOBbICUTbL KaYeCTBO OKa3aHWA MeanLH-
CKOW MOMOLLM U CHU3UTb CMEPTHOCTb MaLMeHTOB, YTO CNOCOHCTBYET AOCTUXEHUIO Leneit, 0603HauYeHHbIX B roc-
yAapCTBeHHOWN nporpamme Poccuiickor ®egepauyunv "Pa3sutne 3gpaBooxpaHeHms”.

Lenb pa6oTbl. AHaNM3 NPYMEHMMOCTI COBPEMEHHbIX PaAN0YACTOTHBLIX TEXHONOMNI AN ONpeseNeHns MecTo-
MoJsIoXKeHUs naumeHTa B 34aH1UN CTauMoHapa.

MaTepuanbl U MmeToAbl. B Xo4e BbINONHEHWA JaHHON paboTbl aHANN3NPYHOTCA HayYHbIe MCTOYHWKM, MOCBS-
LeHHble N0KaNbHOMY MO3VLMOHMPOBAHMIO Ha 6ase paaMoYacTOTHBIX TeXHONOTMA. Mcnonb3yemble MeToAbl
BKJIOYAIOT B Ce65:

- bubnnorpadumyeckmnin NOUCK;

- OTOOP M NPOBEPKY NCTOYHMKOB C Y4ETOM WX aKTyalbHOCTW, COOTBETCTBUSA TeMATMKe N aBTOPUTETHOCTY;

- aHaNN3 NCTOYHWKOB C UCMOJIb30BaHNEeM METOA0B AEKOHCTPYKUUN N CPaBHUTENIbHOIo aHanmsa.

PesynbTaTthl. Pe3ynbTaT aHann3a nokasbiBaeT, UTO PaAnMoYacToOTHbIe TEXHOIOMVN MO3NLMOHNPOBaHNSA NO3BO-
NIAT onpejensiTb MecTonosoXeHe 06EKTOB, UCMO/b3yA CBOMCTBA PajMoBoiH. OCHOBHOWM HefOoCTaToOK AaH-
HOI TEXHONIOTNK 3aKAYaETCs B TOM, UTO 13-3a8 MPOHMKHOBEHNS PagNOCUTHAIOB CKBO3b CTEHbI 11 MepeKkpbITUS
NPUXOANTCA NCMOJIb30BaTb CJIOXHbIE BbIYNCIUTENbHbIE aNrOPUTMbI 4151 06HApPYXXeHUst 06bekTa C TOYHOCTLIO 40
KOHKPEeTHOro nometleHuns. HecMoTpst Ha AaHHbIA HEAOCTAaTOK, PaAMOYaCcTOTHbIE TEXHOAOTMN MOrYT npuMe-
HATLCA 419 MO3VNLMOHNPOBAHNSA B MEANLIMHCKMX YUPEXAEHUSIX, Tak Kak OHM NPOCTbI B pa3BepTbiBaHUM 1 06C/Ty-
XMBaAHUW 1N UCNONBL3YIOTCA B FOTOBbLIX KOMMEPYeCKNX peLlleHusax. NckntoueHrem aenaeTca TexHonorus ZigBee,
TakK KakK OHa He MO3BOJIAEeT OTCNEXNBaTb NOABMXHbIE 06BEKTHI B pEXNME peasbHOro BpeMeHU.

3aknroyeHue. Ha ocHOBe NPOBeAEHHOro NCCef0BaHNA CAeNlaH BbIBOA O TOM, UTO TexHonornsa BLE asnaertca
Hanbonee NOAXOASALLEN ANA MO3NLMOHNPOBAHNSA B MEANLIMHCKNX YUPEXAEHUSIX, Tak Kak OHa 061agaeT HU3KNM
3HepronoTpebaeHmeM, JOCTaTOMHO BbICOKOM CKOPOCTbIO Mepeaydn AaHHbIX, XOPOLLMM pajuyCcoMm CBA3N 1 60Nb-
LM BbIBOPOM rOTOBOrO KOMMYHMUKALMOHHOIO 060pyAoBaHus. Takke CTOUT OTMETUTb, YTO 60/IbLLUMHCTBO bec-
NPOBOAHbIX MeANLMHCKMX AaTHYMKOB OCYLLECTBASIOT 06MeH JaHHbIMU Yepe3 nHtepdelic BLE.

Kniouesble cnosa: IPS, Wi-Fi, BLE, ZigBee, RFID, UWB, NFER
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Abstract
Introduction. Localization of objects position in closed space plays an important role in many areas of human
activity, including medicine. Using indoor-positioning technologies as a part of telemedicine systems allows one
to improve the quality of medical care and to reduce mortality of patients. Therefore, indoor-positioning technol-
ogies contribute to achieve the goals outlined in the Russian Federation government s program "Healthcare de-
velopment".
Aim. To study the applicability of modern radiofrequency technologies for localization of patients inside a hospi-
tal building.
Materials and methods. Scientific sources devoted to indoor-positioning based on radiofrequency technologies
were analyzed. The methods used included:
— bibliographic retrieval;
— selection and verification of sources based on their relevance;
— analysis of sources by methods of deconstruction and comparative analysis .
Results. The result of the analysis indicated that radiofrequency positioning technologies allow one to locate
objects using radio waves properties. The disadvantage of the technology is the penetration of radio signal
through walls and floors. Given this, it is necessary to use complex algorithms to detect an object with accuracy
to a specific room. Despite this disadvantage, radiofrequency technologies can be used for positioning in medical
facilities since they are easy in deployment and service. Also, they are used in ready-made commercial solutions.
ZigBee technology is an exception because it does not allow one to track moving objects in real-time.
Conclusion. Based on the study it was concluded that BLE technology is the most suitable for indoor-positioning
in medical facilities. It is energy-efficient, it has sufficiently fast data transfer rate, good communication radius
and a large range of ready-made communication equipment. It is also worth noting that most wireless medical
sensors exchange data via the BLE interface.
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Beenenue. [IpoGieMa TOKaILHOTO TO3HIIMOHH-
pOBaHUs IpHOOpPETaeT Bee OOIBIIYIO aKTyalTbHOCTh B
COBPEMEHHOM Mupe. TeXHOIOTHH I7100aTHHOTO MTO3H-
LIMOHUPOBAHUSI HE MOAXOMAT IJIS PEIICHUs TaHHOM
3aJlauu B cuity psiaa akropoB. CTEHBI U IEPEKPBITHS
MOMELICHHUS, a TAaKXKe DJIEeKTPOMAarHUTHBIN LIyM, CBS-
3aHHBIA C UCTONBH30BAaHUEM OBITOBON W AJIEKTpHUUE-
CKOH TE€XHUKH, BBI3BIBAIOT ITIOMEXH M CHIDKAIOT TOY-
HOCTh MO3UIMOHUPOBAHUSA 10 JCCATKOB, a HHOTIA U
COTEH METpOB. Bciencrerue 3TOro BO3HUKAET HEOO-

XOOUMOCTh HCIIOJIB30BaHUA pemeHMﬁ, CIIOCOOHBIX
obecrieunTh 00Jiee BHICOKYIO TOYHOCTH ITO3UIIMOHH-
pOoBaHUsL.

B mHacrosmiee Bpemsi CyliecTByeT MHOXECTBO
TEXHOJIOTHH, Ha 0a3e KOTOPHIX pa3padaTHIBAOTCS
MIPOrpaMMHO-aMNMapaTHble CUCTEMbI TO3ULIMOHUPOBA-
HUSl OOBEKTOB BHYTPH IIOMEIICHHUs, MMeHyeMbie IPS
(Indoor Positioning System). Beibop To¥i miu uHOMH
TEXHOJIOTUH 3aBUCHT OT oOsacTu mpuMeHeHus [PS.
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Jlokanu3arysi 00bEKTOB BHYTPH MTOMENICHUN aK-
TyaJbHa TakXe U Chepbl MEAUITUHEI U 37JpaBOOXpa-
Henwust. Vicnons3oBanue indoor-no3uuoHUpOBaHsI B
MEIMLMHCKUX YUPEKICHUSIX MO3BOJIUT ONPEAEIATH
MECTOIIOJIOKEHNE NALlMEHTOB B PEXUME PEaIbHOIO
BpEMEHH 1 OKa3bIBaTh UM CBOEBPEMEHHYIO MEULIMH-
cKkyto nomouis. McnonezoBanue IPS B coctaBe Terne-
MEIULIMHCKUX CUCTEM I03BOJIUT IOBBICUTH Kau€CTBO
OKa3aHMsI MEJULIMHCKON MOMOIIY M CHU3UTH CMEPT-
HOCTh TMAalMEHTOB, YTO CHOCOOCTBYET NOCTIKEHHIO
nenei, o0O03HaueHHBIX B TOCYAapCTBEHHOH Mpo-
rpamme Poccuiickoit @enepannn "PazButne 3apaBo-
OoXpaHeHus".

CyliecTByeT MHOKECTBO TEXHOJOTHi indoor-11o-
3UIIMOHUPOBAHUS, BKIIIOYAIOIIUX B cebs [1-6]:

— ONTHUYECKOE MO3ULMOHUPOBAHHUE, OCHOBAaHHOE
Ha CBOMCTBaX CBETOBOI'O M3JIyUEHUS;

— HHepUHaiIbHOE MO3ULMOHUPOBAHUE, OCHOBAH-
HOE Ha OLIEHKe TEeKyIleH MO3UINHA 00BEKTa C yIETOM
€ro paHee U3BECTHOH MO3ULMH, CKOPOCTH M Halpas-
JIEHUS IBUKEHUS;

— paaroyYacTOTHOE MO3UIIMOHUPOBAHME, MO3BO-
JSIOIIEe  OMPEACTATh MECTOIONIOKEHHE OOBEKTOB
IIPY MTOMOILY PaJHOBOJIH Pa3IMYHON YaCTOTHI;

— MMO3UIIMOHUPOBAHKE, OCHOBAaHHOE Ha CBOMCTBAX
YABTpa3ByKa U aKyCTHKHU;

— MO3UIIMOHUPOBAHIE Ha 0a3¢ MAIIMHHOTO 3PEHN;

— [MO3ULIMOHUPOBaHKNE, OCHOBAaHHOE Ha CBOMCTBAaX
MarHUTHOTO TOJS 3eMJU (MarHUTOMETPHS );

— TUOpUAHOE MO3UIIMOHUPOBAHHUE, KOTOPOE MO-
XKET OOBETUHATH HECKOIBKO Pa3HBIX TEXHOIOTHH.

B HacTosme#t craThe mpoBeieH aHaIu3 Hanbosee
PacCpOCTPAaHEHHBIX TEXHOJIOTHUH PaguO4acTOTHOTO
MO3ULIMOHUPOBAHUA C TOUKU 3PEHHUS BO3MOKHOCTH
X TpPUMEHEHMS JUIsl OIpelesIeHUs] MECTOHaXOXIe-
HUS TAIMEHTOB BHYTPH 3JIaHMS CTallMOHapa B pe-
KUME PealbHOTO BPEMEHHU.

Bbi6op oueHo4yHbIXx KpuTepueB. [l oueHKH
MPUMEHUMOCTH ONITHYECKOM TEXHOIOTHH TSt indoor-
MO3UITMOHUPOBAHUS BHYTPHU MEIUITUHCKUX YUPEKIe-
HUH HE0OXOAMMO 0003HAYUTH PSIJ CICAYIOIIUX KpH-
TEPHEB:

— TOYHOCTh MO3ULIMOHUPOBAHUS: ONpeAeIeHNe
MECTOIIONIOKEHUSI OOBEKTOB JIOJKHO BBITIOJTHSITHCS C
TOYHOCTBIO [0 KOHKPETHOTO IIOMEUICHHWS U He
JOJDKHO TMpeBbIIaTh 1...2 M;

— BO3MOXXHOCTH OJHO3HAYHOW HJICHTU(HKALIUH
KOHTPOJIUPYEMBIX OOBEKTOB;

— paanyc ACUCTBUS CBSI3U;

— MMOMEXOYCTOWYMBOCTD: METUIIMHCKUE YUpExKIe-
HUs 000PYAOBaHBI TEXHUKOW, KOTOpas MOXKET CO3/a-
BaTh CHJIBHBIC 2IEKTPOMArHUTHBIEC TIOMEXH, TPUBOIS-
[IHe K yXYAUICHUIO Ka9eCTBa CBSI3H M 3HAYUTEIIEHOMY
CHIDKCHUIO TOYHOCTH TO3UIIMOHUPOBAHNS;

— 0e30macHOCTh KaHala CBSI3H: TEXHOJIOTHS
JIOJDKHA 00ecTiednBaTh Oe30MacHyo Tiepeiady JaHHbIX;

— BBICOKAs MPOIYCKHAas CIIOCOOHOCTh KaHaja
CBSI3U: CKOPOCTD Iepeavu JAHHBIX JOJKHA OBITH 0~
CTaTOYHOM IJISI TOTO, YTOOBI 00ECTIEYNTE ITO3HITHOHM-
pOBaHHE B peKUME PEaIbHOTO BPEMEHHU;

— HeOoubIIMe Macca ¥ rabapuThl UCIIOIB3yEMOTO
000pyIOBaHHUS;

— HU3KHI YPOBEHb YHEPrONOTPEOICHUS;

— TIIPOCTOTA Pa3BepThIBAHUS M 00CTyxkuBanus IPS.

Onucanue paguo4acToTHON TexHonaoruu. Tex-
HOJIOTHSL PaZMOYacTOTHOTO ITO3UIIMOHUPOBAHUS
MO3BOJISIET ONPEIEIATh MECTOIOIOKEHNE 00BEKTa
¢ moMombio paguoBosH. Bee IPS nHa 6aze paauo-
YAaCTOTHON TEXHOJIOTHH UMEIOT CXOXKYIO apXUTCK-
Typy (puc. 1).

[lo mepumMeTpy MOMEIICHUS yCTaHABIMBAIOTCS
[IMPOKOBeaTeIbHbIe 0a30BbIE CTAHIIUU (SIKOPs), KO-
OpIMHATH KOTOPHIX 3apaHee M3BECTHHL. KommaecTBo
HCTIONIB3YEeMBIX SIKOPEH M MPHHITUI UX Pa3MEIICHHUS
ONIPENEISIIOTCS  Ha JTame MnpoekTupoBanus IPS
U MOTYT pa3iH4arbCs IS Pa3HBIX ITOMEIICHHH.
Ha cxemy pasmerieHus sIKOpeil MOTYT OKa3bl-
BaTh BIMSHHUE Takue (HaKTOpHI, KaK IUIAHUPOBKA II0-
MEIICHUS, CrelM(HKa HCIOIb3yeMOro o00pyaoBa-

ITomemnienne

Paguocuruan

HenTpanbHblit
cepBep

Puc. 1. O600mmennas apxutekrypa [PS
Ha 0a3e paanoYacTOTHON TEXHOIOTHH

Fig. 1. Generalized architecture of IPS
based on radiofrequency technology
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HUS, 3alIyMJICHHOCTD pamuod(upa BCICACTBHE HC-
MOJTL30BAHUS IEKPOOOOpynoBaHus U T. J. OObeKT
MO3WIIMOHUPOBAHUS ~ CHAOXKAeTCsI  MEePEHOCHBIM
yCTpOcTBOM (MeTKOM). ba3oBble cTaHIMM TPaHCIIH-
PYIOT B OKPY)KaIOIIYIO CPENy PaJHOCHTHAII, KOTOPBIH
npuHUMaeTcsi MeTkoi. Ha ocHOBe MaHHBIX, TOTyYeH-
HBIX METKOW, BBIUUCISETCS MECTOIONOXKECHHE 00b-
€KTa MO3UIMOHUPOoBaHus. CaM MPOIECC BEIYUCICHUS
MOXET OCYIIECTBISATHCS JHOO HAa CTOPOHE METKU
(ecmu B e COCTAaB BXOIUT BBIYUCIUTEIBHOE YCTPOU-
CTBO), MO0 Ha CTOpPOHE LEHTpaJbHOro cepsepa. B
MIEPBOM CITydae MeTKa MepechlIaeT Ha IeHTPaTbHBIN
CepBeEp CBOM KOOPAMHATHI, BO BTOPOM — JIaHHBIE, T0-
Jy4eHHBIE OT 0a30BBIX cTaHIMid. OCHOBHAS (PYHKITUS
LEHTPAIBLHOTO cepBepa 3aKII0YaeTCsl B OTOOPAKEeHUH
TEKYIIET0 MECTOIOIOKECHUS METKH B IPOCTPAHCTBE.

Cam mporecc MO3UIMOHUPOBAHUS COCTOUT U3
JIBYX JTAIllOB: ONPEICICHUE PACCTOSHUS MEXKIY HC-
TOYHAKOM W TPUEMHUKOM CHTHAJIA M OIpeeSiCHHe
MECTOTIOJIOKEHUS PUEMHHAKA OTHOCHTEIEHO UCTOU-
HuKa. J[s onpeneneHust pacCTOSHUS MEKIY PUEM-
HUKOM W TEPeNaTINKOM DPaIHOYacTOTHOTO CHUTHAA
WCTIOJIB3YIOTCS CIIEAYIOIINE METOBI [4]:

— RSSI (received signal strength indicator) —
METOJI OTIPEIEIISIET PACCTOSHIE 0 OOBEKTA 32 CUET TTOKa-
3areisl YpOBHSI TIPUHIMAEMOTO CHrHana. Uem BbIie
MOIITHOCTb, TeM OJIM>KE UCTOYHHK CHTHAJIA K HA00O0POT;

— AOA (angle of arrival) — meton ompenensier
paccTosHHE TIO YIIIy MaJCHUs CUTHAIa Ha MOBEPX-
HOCTb npueMHuka [1];

—TOA (time of arrival) — MeTon onpenenser paccto-
STHUE 0 00BEKTa TI0 BPEMEHH IPOXOMKICHIST CHTHAJIA OT
MepeIaTIMKa K MPUEMHIKY;

—TDOA (time difference of arrival) — MeTon ncromns-
3yeTcs B CHCTEMax ¢ TpeMsl i Ooree mprieMHuKamMi. Pac-
CTOSIHHE IO MCTOYHHKA CHUTHAJIA OTPENEISIeTCS 32 CUeT
Pa3HUIEI BO BPEMEHH NPUOBITHS CHTHAla HA pa3HbBIC
TIPHEMHUKHL.

Jus mokanu3aiui 00bEKTOB OTHOCHTENILHO HC-
TOYHHKA PaTHOYACTOTHAsT TEXHOJOTHS HCIOIb3yeT
CleayIoUIe ajIropuTMel [4, 7]:

— TpHJIATEePAIHS: TIO3BOJISET ONPEACTUTD MECTO-
HaxXOXACHUC NIPUEMHHUKA MO TPEM HUCTOYHHUKAM CUT-
Haia. [l OUEHKH MECTOMOJOKEHUS IMPHEMHHKA
BBIOMpAIOTCS TpU 0a30BBIE CTAHIIMU C HAUOOJBIITNM
YpOBHEM NPHHUMAEMOT0 CHT'Haja. Brraucienne ko-
OpIIMHAT TpPHUEMHHKA 0a3upyercss Ha TeoMeTpHYe-
cKuX pacderax. Ha mepBom miare anroputma m3Mme-
pAETCS PacCTOSHUE OT NMPUEMHUKA IO KaXKIOro 3
TpeX HCTOYHUKOB curHana. Kaxmoe paccrosHue

MIPUHUMACTCS 32 PAIUyC OKPYKHOCTH C HEHTPOM B
00JIacTH NCTOYHMKA panuocuryana. [IppueMHUK Haxo-
JIMTCSI B TOYKE MIEPECEUSHHUS TPEX OKPYKHOCTEH. 3Has
KOOPAMHATHI LIEHTPA U PAIIyC KaXKIOH OKPYKHOCTH,
MO)KHO PacCuUTaTh MECTOIIOJIOKEHHE IPHEMHHIKA,;

— TPHAHTY/LIIUS: AITOPUTM CXOX C TpHiarepa-
el M TakkKe OCHOBaH Ha T€OMETPHYECKHX pacye-
TaX. [TaBHBIM OTINYHEM SBISETCS TOT (PAKT, UTO B Ka-
YEeCTBE UCXOJHBIX JaHHBIX AITOPUTM UCIIONB3YET U3-
MEpEHHBIE YIJIBI PHX0a CUTHAJIOB,

— IAaKTWJIOCKOTIMYECKasi MICHTU(HUKALNS, BKITIO-
garomast B ceOs Ba dtamna. Ha mepBom dTare BBHIION-
HsETCS NpeABapUTeNbHOe U3MEpEeHHEe YPOBHEH CHI-
HaJia BceX 0a30BBIX CTAHIMH, BXOASAIINX B COCTaB CH-
CTEMBI, B pa3HBIX MECTaX MMOMEIICHHS, U MOCIEIyIO-
11as1 3aMuch 3Toi nHpopManuu B 6a3y JaHHbIX. Kax-
J0€ U3MEPEHHOE 3HAYCHNUE SBISCTCS YHUKAIBHBIM, U
BIIOCIICICTBUN IO HEMY MOXKHO OYHET OIpeneliTh
THIOJIO)KEHHE MCKOMOTO 00beKTa B mpocTpaHcTBe. He
CYIIECTBYET YeTKHX TPeOOBaHWH K BBIOOPY KOOPIH-
HAT TOYCK U3MEPEHUH 1 K HX KOJIIMIECTBY, TaK KaK 3TH
XapaKTePUCTHUKHU 3aBUCAT OT OCOOCHHOCTEH OTIelb-
HOTO TIOMEUICHUS M TOAOWPAIOTCS WHINBHAAYAIHHO
[4, 6]. COOp maHHBIX JJIs1 COCTABIICHHS 0a3bI SBIISICTCS
TPYAOCMKHM IIPOILECCOM U MOXKCT OCYIIECTBJIATHCA
KaK BPYYHYIO, TaK U TOCPEACTBOM aITOPUTMOB Ma-
mmHHOTO 00y4eHust. Ha BTOpoM 3Tare mpueMHUK H3-
MepsieT YpOBEHb CHUTHaja 0 JOCTYIHBIX eMy 0a3o-
BBIX CTAHIIMI U 3TH 3HAYCHUSI CPABHUBAIOTCS CO 3HA-
YeHUSMHE 13 0a3bI JTaHHBIX. MeCTOMONIOKEHHE MTPUEM-
HHKa OIpeJeNsieTcs, ecii B 0a3e JaHHBIX HAIIOCh
XOTs1 OBI OJTHO COBIIAJICHUE C XapaKTEPHUCTUKAMU CHT-
HaJa, I3MEPEHHBIMU IIPHEMHIKOM;

— IpUONIKEHNE: OCHOBBIBACTCS HA aHAIN3E CHT-
HAJIOB OT 0a30BBIX CTAHIUIA, KOOPIMHATHI KOTOPBIX
3apaHee U3BECTHBL. B Hanbomnee mpocToil peanm3anun
aNToOpuUTMa MPHUOIIDKeHNUS, ONTUCAHHOH B [7, 8], mpu-
E€MHHK W3MEpsieT YPOBHH CUTHAJIOB, OCTYITAIOIINX
OT JOCTYITHBIX 63,30BBIX CTaHHI/Iﬁ, " CTaHU M, IPUHU-
MaeMbIil CUTHAl OT KOTOPOW 00JajaeT HanOOoIbIINM
ypoBHeM, cumTaeTcs Omkaitmeit. [locie Toro kak
oOHapyxeHa OnrpKaifmast 6a30Basi CTaHIMSA, €e KOOp-
JUHATHI CYUTAIOTCSI KOOPJMHATAMH HCKOMOTO O0b-
exta. Ecnu npueMHHK QUKCHpyeT HECKOJIBKO CHIHa-
JIOB, IMEIOIINX OAMHAKOBYIO HHTCHCUBHOCTbD, CUUTA-
€TCsl, YTO OH HaXOANTCS MOCEPeIHE MKy IIepeaaT-
yukaMu. JIaHHBIA anropuT™M HMEET HAMMEHBITYIO
TOYHOCTH, HO O4YEHb TMPOCT B peaTU3alHU
Y OTJIMYACTCS HEOONBIIOH BEIYUCITATEFHOMN CII0KHO-
cTblo. HekoTopwle CHCTEMBI HCIONB3YIOT —AJTO-
PUTM TIPHONIKEHHS UISI TOTO, YTOOBI YCTaHOBHUTH
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OMM30CTh  OOBEKTa IMO3WIMOHHPOBAHUS OTHOCH-
TENIBHO TOM WJIM WHOM 0a30BOM CTaHIIMH, HO BBIYKC-
JICHWE KOOPAMHAT BBIMIOJNHACTCS C UCIOIB30BAHHEM
0oJiee TOUHBIX alropuTMoB [4, 9].

JJ151 TOBBIIIIEHUS] TOYHOCTH MTO3UIIUOHUPOBAHYS B
panuodacToTHbIX [PS MoryT Mcnons30BaThCs AOMOIN-
HUTENbHBIC MporpaMmmMHble (GUiIbTphl (GusTp Kan-
MaHa, QUIBTP YacTHIl H JIp.).

K mocromHcTBaM pamuodacTOTHOTO MO3UIHOHU-
POBaHH MOYKHO OTHECTH:

— IIPOCTOTY pa3BEPTHIBAHUS U OOCTYKHBAHIISL;

— HU3KYIO CTOMMOCTb 00OPYIOBAHHUS;

— BO3MOXXHOCTb HCIIOJIb30BAHUS B PsJIC TEXHOJIO-
THHA YK€ UMEIOIIUXCSA MHPPACTPYKTYphl U 000pyIo-
BaHUSL.

HemoctaTku pajino4acTOTHOrO MO3HIMOHHPOBA-
HUS:

— HHU3Kasg TMOMEXOyCToWuuBOCTh. K momexam
MOXHO OTHECTH MHOTOITy4eBOE OTPa)KCHUE CHUTHAIIA,
IOMEXHU OT OBITOBOI TEXHUKHU M MEIULIMHCKOTO 000-
PYIOBaHUsI, a TAKKE TIOMEXH OT APYTUX UCTOYHUKOB
paaMocurHaia, paboTalIUX Ha OJWHAKOBOM 4a-
CTOTE;

— HH3Kasi TOYHOCTh MMO3UIUOHUPOBAHUS B CBSI3U
CO 3HAYUTEIHHBIM YPOBHEM M IPOXOXKICHIEM paiio-
CHTHajia CKBO3b CTEHBI M MEPEKPhITHA. B CBs3U C
3TUM BO3HMKAIOT TPYAHOCTH B UACHTH(UKAIMH 00b-
€KTa ¢ TOYHOCTBIO 10 KOHKPETHON KOMHATHL.

K Hanbosee yacto HCMONB3yeMbIM PaOYaCTOT-
HBIM TEXHOJIOTHSIM TO3UIIMOHUPOBAHUS OTHOCAT [1,
4,10, 11]:

— Wi-Fi;

— Bluetooth, Bluetooth low energy (BLE);

— ZigBee;

— Radiofrequency identification (RFID);

— UWB (Ultra Wide Band);

— NFER (Near-Field Electromagnetic Ranging).

Texnonoruss Wi-Fi ocHoBana Ha cemelicTBe
craggaproB IEEE 802.11 u ucnonb3yer 4acTOTHBIE
nuara3onsl 2.4 u 5 I'Tu. Cers Ha 0a3ze Wi-Fi cooTBeT-
CTBYET IICHTPAIN30BAHHON MOJIEINH, TAC CyIICCTBYET
OJTHA MJIM HECKOJIBKO TOYEeK JOocTyma (0a30BBIX CTaH-
LIUH) ¥ MHOXXECTBO IMOJKJIIOYCHHBIX KJIMEHTOB. Kax-
Jasi TOYKa JIOCTyINa MEPUOANYECKH PacChUIACT II0
CETHU INPOKOBENIATEIFHBIC KaAPBI-MasKH, YTOOBI CO-
OOIIUTH MTOTEHIMAIBHBIM KIIHEHTAM O CBOCM TIPHUCYT-
ctBud. Takum 00pa3oM, KITHEHTH MOTYT OOHAPYKUTh
TOYKY JOCTyHa ¥ TMOAKIIOUUTHECA K OECIpOBOTHON
cetu [3, 11-13].

J1ist onipeneseHus pacCTOSHUS MEXKIY KIHEHTOM
U TOYKOH JOCTYIa TEXHOJIOTHS MCIOIB3YET METOIBI

RSS u TOA/TDOA[11, 12, 14]. B xauecTBe aJIrOpUT-
MOB TO3WIIMOHUPOBAHUS 4Yallleé BCETO HCIONB3YIOT
TPHJIATEPAIAIO/MYITBTHIIATEPALIUI0, TPUAHTYIISIIHUIO,
JAKTIOCKOITNYECKYI0 MICHTH(DHUKAIIUIO, METON K-OITi-
JKaWIIMX coceneid, Meton nentpouaa [4, 7,12, 15, 16].
Haun6onpnyto TOYHOCTh MTO3UITHOHUPOBAHMSI U3 BCEX
PACCMOTPEHHBIX AJITOPHUTMOB OOECIICUMBAET aJIro-
PUTM JAaKTUIIOCKONMYECKON uaeHTuukamuu [4, 12,
15]. Tlpunnunel (QyHKIMOHUPOBAHHS AJITOPUTMOB
TpUIaTepalvi, TPUAHTYISALIUN W JAKTHAIOCKOIIYC-
CKO# uaeHTH(UKAIIH OBLTH ONMCAHEBI paHee.

Meron A-Omyxafiimnx coceneil OTHOCUTCA K OlI-
HOMY M3 METOJIOB MalIMHHOTO 00y4yeHus. OH OCHO-
BaH Ha OOHAPY)XCHUHU k OOBEKTOB IO OTHOIICHHIO K
TeKyieil reono3unuu oobekra [7, 13]. Kiment cka-
HUPYET MPOCTPAHCTBO B TMOHMCKAX BCEX IOCTYITHBIX
0a30BbIX cTaHIUU. Jlajee BBIUMCISIOTCS MOIIHOCTH
CUTHaJa ¥ PACCTOSHUS OT KIUEHTAa JI0 KaXI0i 6a30-
Boil craummu. Ilociie BBEIUHMCICHHH COCTaBIICTCS
Ha0O0p U3 kK MECTOITOJIOKESHUN ¢ HANMEHBIITUM PAaCcCTO-
SIHUEM JI0 00BEKTa O3UIIMOHUPOBaHUs. TeKyIue Ko-
OpAMHATHI 00BEKTa BBIUUCIISIOTCS ITyTEM aIpOKCH-
Malu KOOPAMHAT BRIOPAaHHBIX 0a30BBIX CTAHIIUH.

MerTon neHTpouna SBIsSeTCS MOTU(pUKAITUCH Me-
TOoma k-ONMVDKaHIINX COCENEH, a TakKe OJHUM U3 Me-
TOIOB MAIIMHHOTO oOydeHus. IIpenmonaraemas 06-
JacTh TO3WIIMOHMPOBAaHUS OOBEKTa MPEICTABIACT
reoMeTpuveckytro (Qurypy, o0Opa3oBaHHYIO COCE[-
HUMH TOUKaMu foctyna. KoopauHate! o0bekTa mo3u-
[IMOHUPOBAHUS BBIYUCIISIOTCS KaK CpEIHee MOJIoKe-
HHUEC OTHOCHUTCIIBHO BCEX TOYCK HOHY‘ICHHOﬁ T€OMCET-
pudeckoit purypsl. LleHTpon MoxeT ObITh B3BEIICH-
HbIM. B kadecTBe Beca s Kaxjaoro pedpa Gurypsl
YCTaHaBHI/IBaeTCH MOIIIHOCTH HpI/IHI/IMaeMOFO CUr-
Hana [7, 14].

B [13] aBTOpHI IpEAIaraioT HOBBIN ANTOPUTM T10-
3UIIMOHUPOBAHUSA, OTIMYHBIA OT YK€ CYIIECTBYIO-
IIMX, OCHOBAHHBIA HAa MPUMEHEHWH METOIOB IPO-
CTPaHCTBEHHOTO aHanu3a. KIHeHT CkaHupyeT momMe-
[CHHUEe, OMpPEACIAeT KOJHUUECTBO TOYEK JOCTYyNa W
YPOBHH MX CHUTHAJIOB, Ucnob3ys meton RSS. Ha oc-
HOBE TIOJIYUYEHHBIX JaHHBIX CTPOHUTCS CBOeoOpa3Hast
KapTa OMEIIEHUS, KOTOpast ASTUTCS Ha MPSIMOYTOJIb-
HbI€ YYaCTKH IJIOMaab0 1 X1 M, Ha3pIBaeMbIe IMHUKCE-
nsmu. Jlamee myTeM MHOTOMEPHOW (HIBTpaIK Ha
KapTe BBIOMPAIOTCSA IUKCENM, B KOTOPBIX YPOBCHb
MOIITHOCTH CHTHAJla COOTBETCTBYET JOMYCTUMBIM
3HaueHusAM. [lpenmmonaraeTcsi, 4YTO IS Kaxmoi
TOYKH JIOCTyIa Ha KapTe CYIIECTBYeT OJMH WIJIHM He-
CKOJIBKO TIHKCENEH ¢ COOTBETCTBYIOIIEH MOIITHOCTHEO
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MpUHUMaeMoro curHaia. Crioco0 AambHEHIero 1mo-
3UIUOHUPOBAHMSI 3aBUCHT OT KOJIHMYECTBA OOHApy-
JKEHHBIX NHKcenel. Eciiv He HallIeHO HU OJTHOTO Ta-
KOIO IHUKCEJI, TO KIMEHT CKaHUPYET OKpY)Karollee
MIPOCTPAHCTBO 10 T€X MOP, MOKa HE OOHAPYKUT XOTS
OBl OJTMH TTUKCEIh. ECITN KOJM4YeCcTBO MUKCeNeH paBHO
1 min 2, TO KOOPAMHATEI 00BEKTa OYIyT BEIYUCIISATHCS
KaK CpelHee 3HaueHHEe MEXAYy KOOpIHUHATaAMU
HalaeHHbIX HKceen. Ecian konnuecTBO HallIeHHBIX
MUKcenel 0oJblle TPeX, TO MOJImKEeHHe 00bEeKTa BhI-
YHUCISAETCS COMIACHO aJITOPUTMY k-ONmkalnx coce-
ner. CorracHO pe3yiabTaraM SKCIIEPUMEHTOB TOU-
HOCTh QJTOPUTMA, TPEAJIOKEHHOTO aBTOpaMH, CO-
CTaBJISIET B CPEAHEM OKOJIO 2 M.

B [15] paccmarpuBaeTcs HHHOBAI[MOHHBIH METOA
MO3UIIMOHUPOBAHNSA, OCHOBAaHHBI Ha OIpeeTeHUU
MECTOTIONIOKEHHUS 00beKTa B MOMEHT BpEeMEHH, KOTa
OH HAXOAWTCA MEXIY ABYMsI 0a30BBIMH CTAHLIUSIMHU.
g pacdera koopauHaT 0OBEKTa UCIOIB3YIOTCS Oa-
30Bbl€ CTaHLMH, PACIOIararoIiuecs Ha OIHOM U TOM
xe Taxe. CTaHIUU PUKCUPYIOT YPOBEHb MOIIIHOCTH
CUTHaJa OT 00bEeKTa MO3UIUOHUPOBAHUS U APYT OT
npyra. [Ipeamonaraercs, 9To paccTosHEE MEXKIY 0a-
30BBIMH CTaHIMSAMHU HM3BeCTHO. Ha ocHoBaHuuU pe-
3yIBTaTOB HM3MEPEHHUH oOIpenessieTcs: KodpQUIeHT
MOTEPU MOIIHOCTH NPUHUMAEMOI0 CUTHaJsla, Xapak-
TEePU3YIOIIHIA PACCTOSHUE MEX Ty 0a30BbIMU CTaHIIU-
SIMH M MOOMJIBHBIM YCTPOHCTBOM. Pe3ynbTars! 3xcre-
PUMEHTOB TOKa3ajH, YTO ONMHUCAHHBIA METOJ MO3BO-
JISIeT TIO3UIIMOHUPOBATh TOABMKHBIE OOBEKTHI C TIO-
rpemHocTsio 0.5...1 M.

CyIecTByeT psijJl cUcTeM, rie TexHojorus Wi-Fi
COBMENIAETCS C APYTHUMH TEXHOJIOTHSAMH MO3UITUOHH-
poBanus. B [17] onuckiBaercs IPS Ha 6a3e rubpuam-
3anuu Wi-Fi n MmammaHOTO 3peHus. B kauecTBe anro-
pHUTMa O3HITHOHUPOBAHUS cO CTOPOHBI Wi-Fi BEICTY-
MaeT JaKTHIOCKONMYECKas HISHTHU(UKAIWA, a Ma-
LIIMHHOE 3pEHHUE MO3BOJISET ONpPENeNsiTh MECTOIONO-
XKEHUE 00BEKTa C TOYHOCTHIO 10 KOHKPETHOTO TIOMe-
HICHHUS.

B [16] ontuceiBaetcst IPS, coBmeniatomas Wi-Fiu
WHepIHaibHbIe naTduku. CHcTeMa BKITIOYACT B cels
MeTKy W Touku nmoctyna Wi-Fi, ycraHoBieHHBIE TIO
MepUMETPY MoMeleHus. MeTKa mpecTaBiIseT coooit
YCTPOKCTBO, 000pymoBaHHOEe MHUKpocxemoi Wi-Fi
U aKcelepoMeTpoM. MeTka HaxomuTCsl B CIIf-
LIEM COCTOSHMM 1O T€X IOp, IOKa aKCEIEPOMETp
He 3adUKCHpyeT [BWKCHHE HOCHUTEII MasKa.
B npouecce nBuwxeHUS HOCUTENsE METKa UIIET AO-
CTymHBIC 0a30BBIC CTAHIUH U M3MEPSET MOIIHOCTD
NpyuHUMaemMoro cursana. IlodydeHHble u3MepeHUs

[IEPECBUIAIOTCS HA CEpBEp, II€ BBIYMUCIISAIOTCS KOOp-
IHATHI 00BEKTa ITO3UIIMOHNPOBaHus. B kauecTBe aj-
ropuT™Ma MO3UIMOHUPOBAHUS HCIIONB3YETCsl TpUaH-
TYISALUS 1 METOJI B3BEIICHHOTO LeHTpouaa. AKcere-
pOMETp B JaHHOU CHCTEME pemIacT mpodiaeMy dHep-
rocOepeKeHus: METKH.

IIpenmymectsa IPS Ha 6a3e TexHonoruu Wi-Fi:

— MO’KHO HCIIOJIb30BAaTh yXKE CYLIECTBYIOILYIO CE-
TeBYI0 UHPpacTpykTypy [5, 7, 12, 13, 18], 9T0 CHU-
JKaeT 3aTparbl Ha pa3pabOTKy W pa3BepThIBAHHUE CH-
CTEMBI;

— B Ka4€CTBE aKTUBHOI'O Masika MOXHO HUCIIOJIb30-
BaTh cMapTdoH [3-5, 7, 11-15, 17, 18];

— HU3Kasi CTOMMOCTb 000pYIOBaHUS IS pa3Bep-
ThIBaHUS ceTH [7, 12].

K HemocTaTkaM TEXHOJIOTHHM MOXKHO OTHECTH:

— HHU3KYI0 TOYHOCTH IIO3WIHMOHHUPOBAHHA (IIO-
TPEITHOCTh MOXET COCTaBIATH 3...25 m) [5, 12, 15, 18];

— IIPOCTPAaHCTBEHHYIO HEOJHOPOAHOCTh CUTHAJIA,
CBSI3aHHYIO C Pa3HOPOAHOCTHIO UCIOIB3YEMOr0 000-
pynoBanus [7, 15], a TakKe C MOTIOMIEHNEM CHUTHAIIA
MPENSATCTBUSIMA U MHOTOIY4YEBEIM OTpaskeHuem [13].
J1a  TNOBBILIEHUST TOYHOCTH IO3MLMOHHUPOBAHUS
HEOOXOIUMO OOECIEeYUTh BBICOKYIO TUIOTHOCTH TIO-
KPBITHS TIOMEIeH!s Toukamu foctyna [12, 15];

— BBICOKYIO 3arpyXeHHOCTh ceTH [2, 12];

— BBICOKOE dHepromoTpedneaue [2];

— BBICOKYIO TUHAMHUKY H3MEHEHus cetu [5, 7].
g coxpaHeHHs TOYHOCTH TMO3MLIMOHUPOBAHUS
HeoOXonMMa TEepUOANYEcKas aKTyanu3anus uHbop-
Mallii O TOYKaX JOCTYyINa, BXOJSIIUX B COCTaB CH-
CTEMBI, UTO SIBIISICTCS SHEPro3aTpaTHOM onepanmeii [S].

Texnoaorusi Bluetooth — TexHonorus Gecrpo-
BOITHOH CBs3M TSI OOMEHa NAHHBIMH Ha KOPOTKHX
paccrosiHusX, padoTatomias Ha yactore 2.4 [T u uc-
nonb3ytomast cranaapt IEEE 802.15.1. Crannpapt
Bluetooth ocHoBaH Ha pekume pabOTBHI YCTPOMCTB
"BeAyIIHHA/BeIOMBINA". DTO O3HAYAET, YTO €CTh OTHO
[JIaBHOE YCTPOMCTBO, KOTOPOE OCYLIECTBISET OAHO-
HaMpaBJICHHOE YIpaBJICHUE MOJYNHEHHBIM YCTpPOH-
CTBOM (WJIM TPYHIIOHN yCTpo#CTB). B HacTosmeit cra-
The paccMmaTpuBaercs TexHomorus Bluetooth Low
Energy (BLE), OCHOBHBIM OTJIMYHUEM KOTOPOH OT
KJaccuiecko TexHonoruu Bluetooth sBrsiercs Huz-
Koe pHepromnorpeodnenue [2, 3, 4, 6, 10, 11, 18-22].
Pannyc cBa3u texnonorun BLE 3aBucut ot kiacca
HCIOJIb3yeMOro 000pyA0oBaHuUsl. YCTPOHCTBA, OTHOCS-
mecs K kiaccy 1, obecrnednBaroT nepeaavy JaHHbIX
B panuyce 10 100 M, a ycTpoiicTBa, OTHOCAIIHECS K

Pazmoqacronlble TEXHOJOI'MH JIOKAJIBbHOI'0 MNO3UIITUOHUPOBAHUSA B 3/IPABOOXPAHCHUHN 67
Radiofrequency Technologies of Local Positioning in Healthcare



H3BecTus By3oB Poccun. Pagnodnexkrponnka. 2020. T. 23, Ne 3. C. 62-79
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 3, pp. 62-79

knaccy 2 — o 10 m [6, 22]. Texnonorus BLE o6ec-
MEYUBAET CKOPOCTh MEpeAadn AaHHbIX g0 1 Mour/c
[3, 20]. BobmMHCTBO GECTIPOBOIHBIX MEIUITHHCKUX
YCTPOMCTB HUCIOIB3YIOT AJI Nepefadu JaHHBIX TeX-
Honoruto BLE, Takum 00pa3om, JaHHAs TEXHOJIOTHS
TIO3BOJISIET CTPOUTH ITEPCOHANTbHBIE OECIIPOBOAHBIE CETH,
BKJTFOUAIONIHE B Ce0sT MEMUITMHCKHE TaTIuKH [3, 6].

B kadectBe METOK wyalle BCEro HCIOJIb3YIOTCS
cmaptdonst [2, 4, 9, 19,22, 24-29], a B kauecTBe 6a-
30BbIX cTaHMil BLE MoryT ucnonas3oBarbes Kak ro-
TOBBIC YCTPOMCTBA, TaK M YCTPOHCTBA COOCTBEHHOTO
narotosieHus [27]. Haubonee momynspHeiMu 0a30-
BBIMH CTaHLIUSAMH Tipu mpoekTupoBanuu IPS Ha Gaze
BLE sBnstorcs garuwku iBeacon, TpOW3BOIAMMEIC
kommanuent Apple [2, 11, 25, 26], ayTh pexe BCTpe-
YaroTCsl IIMPOKOBEUIATENBbHBIE JAaTYUKU  JIPYTUX
kommanwuii [9, 20, 24, 29].

Indoor-no3unmoHnpoBanre Ha 0a3ze TEXHOJIOTHU
BLE ucnomnb3yer Te e alropuTMBbl, 4TO U IPYTHE pa-
JTIMOYACTOTHBIC TEXHOJIOTHH: NpuOImxkenue [9], Tpu-
narepanmro [9], TaKTHIOCKOITUIESCKYIO HIICHTH(HKA-
uuto [2, 4, 6, 8, 17, 28]. J1ns olleHKH pacCTOSIHUA OT
HCTOYHHMKA JI0 IPUEMHHKA CUTHAJIA UCTIONb3YEeTCs] METON
RSSI. ToduHOCTH MO3WMIIMOHUPOBAHMS Ha 0a3e TEXHOJO-
riuv BLE moxer octurars 1 m [4-6, 10, 19, 20, 23-25],
Y COTIaCHO MCCIICIOBAHMSIM, MTPEICTABICHHBIM B [5],
OHa MpPEBBIIIAET TOYHOCTh IMO3ULHOHUPOBAHMUA Ha
0aze TexHonorun Wi-Fi Ha 72 %. JIyig MOBBIIICHHS
TOYHOCTH TO3UITMOHUPOBAHMS HCTIOJIB3YIOTCS pas3-
JIMYHBIE TporpamMMHbie GruisTpsl [11, 19, 20, 22].

Mmnorue IPS coBmectHO ¢ TexHonorue BLE uc-
MOJB3YIOT IH(poBeIe KapThl [11, 19, 23, 28] u mnans!
30aHUM, HA KOTOPBIX OTMEYAETCS MECTOINOJIOKEHUE
BCEX IMIMPOKOBEIIATENBbHBIX JaTdukoB. Ha 6aze nug-
POBOM KapTHI CTPOUTCS CBA3HBIN rpad, pedpamu Ko-
TOPOTO SIBJISIIOTCS BCE BO3MOKHBIE ITYTH IBHXKEHHS 10
3MaHUI0. PesynbTaThl MO3WIMOHUPOBaHUA Ha 0Oasze
texHosorun BLE conocTaBistoTcsl ¢ IOCTPOEHHBIM
rpadom, U, B 3aBICHUMOCTH OT PE3yJIETaTOB ATOTO CO-
MOCTABIICHUSI, TEKYIIEe TTOJOKEHNE 00BEKTa KOPPEK-
THPYETCH.

B [23, 25] aBropsl mpeacrasmsitoT IPS, pa3pabo-
TaHHYI0 Ha 0aze TexHonmoruu BLE, ucnonb3yronryro
MAaIIMHHOE 00y4YeHre Ha dTarne cOopa JaHHBIX B allro-
PUTME TAKTHIOCKOMHYECKOH naenTudukanmm. Yame
BCEro JaHHBIM 3Tanm paboT MPOBOTUTCS BPYYHYIO H
SIBIIIETCS TPYJ03aTpaTHoii mpouexypoi. IPS, omucan-
Has B [23], XpaHUT ¥ aHAJM3UPYET BCE IMyTH, POHICH-
HBI€ Ka)KIbIM aKTUBHBIM MasiKOM, IIOCPEICTBOM Mar-
PUYHBIX BBIYMCIICHNH. Takol MOAX0 MO3BOJIET MO-

JeJIMPOBaTh TPAEKTOPUIO AAJbHEHIIEro mepemerie-
HUS aKTUBHBIX MasKOB B IIPOCTPAHCTBE, TAKUM 00pa-
30M TIOBBIINIAS TOYHOCTHb MO3WIIUOHUPOBaHHS. BbI-
YUCIHUTENbHASI Harpy3ka Ha anroputMbl [PS cHmxka-
€TCsl 3a CUeT paclpeiesIeHHOTO XpaHeHHS JaHHBIX U
WCIIOJb30BaHUSA TYMaHHBIX BblYMCIeHUH. OCHOB-
HBIMH 0COOCHHOCTSIMH TAHHOH CHCTEMBI SIBIISTFOTCSI B~
TOMaTU4ecKas aJanTalys K U3MEHEHUsIM CUCTEMHOIO
KOHTEKCTa M HE3aBUCUMOCTb OT YCJIOBHH OKpYXaro-
LIEr0 MPOCTpaHCTBa. Takke 3a CUeT pe3yNnbIaToB aHa-
JM3a MepeMelIeHHs] aKTUBHBIX MasKOB I10 3AaHHIO CH-
cTeMa CII0COOHA CaMOCTOSITENTFHO CTPOUTH aKTyalTbHBIE
1 (ppoBbIE KAPTHI TOMEIICHHUH.

[Ipu co3mannu rubpunaeix IPS Texnonorus BLE
MOXeT OOBEOUHSTHCA KaK C HepajauO4acTOTHBIMH
TexHonorusimu [28, 30], Tak ¥ ¢ APyrUMH paaroya-
ctotHbIME TexHonorusmu [28]. B [30] TexHomorus
BLE npumensiercss A KOPPEKTUPOBKH IOTPELIHO-
CTH HU3MEPEHUH MHEpPLUAJIBHBIX IAaTYUKOB METOIOM
Tpunareparnmn. B [28] ocHOBHO# TexHOMOTHEN TTO3U-
[IUOHUPOBAHUsI SBJISIETCA MarHUTOMeTpus. B kaue-
CTBE aJrOpUTMa MO3ULMOHUPOBAHUS HCHOIb3YETCS
JAKTUIIOCKONTMYECKas HACHTU(DUKAIUS:
[EpBOM dTane co3laeTrcs 0a3a NaHHBIX, XpaHALIAs
YPOBHM MarHuTHOIO MOJS 3eMJIM B Pa3HBIX TOUKAX
3nanus. Texnonoruss BLE npeanasHadeHa i ycko-
peHus mpolecca MO3ULMOHMpPOBaHUA. B kauecTBe
METKH B CHCTEME UCTIONB3YeTCS CTaHJapTHBINA cMapT-

31€ch Ha

(hoH, B cOCTaB KOTOPOTO BXOJUT MArHUTOMETP ¥ MHUK-
pocxema BLE. /111 NOBBIIEHUSI TOYHOCTH MTO3ULIHO-
HupoBanus IPS MoxeT ucnonp3oBaTh LU(GPOBHIE
KapThl, KOTOPBIC JOJDKHBI OBITH B HEE MPEABAPUTEITHLHO
3arpyxeHnbl. BMmecto texnonornn BLE cuctema takke
MOJKET MCIO/IB30BaTh TEXHOIOTHI0 Wi-Fi.

JoctounctBa TexHonoruu BLE:

— HHU3KOe 3Hepromorpednenue [2—4, 6, 10, 12,
19-22];

— aBTOHOMHOCTh ¥l KOMIIAaKTHOCTb JJATYMKOB [3];

— UJICHTU(PHKAINS 00bEKTa MO3UIIMOHUPOBAHUS
[9, 19-22, 24-29];

— BBICOKAs TIOMEXO03aITUIIIEHHOCTD [26];

— BO3MOKHOCTH 00€CIICUEeHHMS 3alUIIEHHOro Ka-
Hana cBsizu [3, 27];

— TIOCTPOCHHE CHUCTeMbl Ha 0a3e TEeXHOJIOTHHU
BLE, ucrone3yeMoii aist cBs3u B OONBIIMHCTBE Oec-
MPOBOJHBIX MEUIIMHCKHX JIATYHKOB;

— noctpoeHue uHdpacTpykrypsl IPS Ha Gaze ro-
TOBOTO OOOPYIOBaHHUsA, 00NAJAIOIIEr0 HU3KOW CTOU-
MocThio [4, 10, 20, 24, 29];
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— 6aszoBble crannul BLE nMeroT BCTpOCHHBIH ak-
KyMYJISITOp W SABJISIOTCS OECIpPOBOAHBIMHU, BCIEI-
CTBHE 3TOTO OHHU HE 3aBHUCSAT OT PACTIONIOKESHUS HCTOU-
HUKOB 3JICKTPOCHAOKEHHUS U MOTYT OBITh pa3MEIICHBI
B JII000I TOYKE MOMEIICHHUS ISl 00ECIIEYCHUsT XOPO-
nieit reoMeTpuU paauocuruana [6, 20, 24].

Henocrarku texnonoruu BLE:

— BBICOKas 3arpyXeHHOCTb KaHajia CBSI3HM, a
TaKKe KaHaJbHAs HHTEPEPCHIINS;

— BIISIHAE MHOTOJYYEBOTO PACIpOCTPAHEHHS
curHana [5];

— OTHOCHUTENIFHO HU3KAasi TOUHOCTH MO3UIIMOHHPO-
BaHus [12];

— Ka4eCTBO CBSI3U 3aBUCUT OT KOHCTPYKILIUHU TIPU-
€MOIIePeaTYNKOB;

— U pa3BepTHIBAHHUSA CHUCTEMBI Tpelyercs Ho-
MOJTHUTEITLHOE 000PYIOBaHUE;

— HeOoJbIIas 1aabHOCTh cBs3u [3, 10, 19, 20].

Texnonoruss RFID wucnome3yer B KadecTBe
METKH TIOPTAaTUBHYIO IIEPEHOCHYI0 MHKPOCXEMY,
HMeHyeMylo TpaHcnoHgepoM win  RFID-metkoi.
RFID-MeTKa cOCTOUT W3 MHTETPAIbHON CXEMBI U aH-
TEHHBI U CIIOCOOHA XPaHUTh U TEpPEechUIaTh XpaHH-
MyI0 B Hell nHpopmanuio [1-5, 10, 11, 31]. B xaue-
CTBE XpaHUMOI MH(POpMALIH BEICTYIIAET IEPCOHAIB-
HBI uaeHTH(UKaTop obwekTa [1, 3, 4]. Paznuyator
aKTUBHY!IO, [I0JyNacCUBHYIO U naccuBHyto RFID-Tex-
nonoruu [1, 4, 10, 31, 32]. AktuBHble RFID-MeTkH
MOTYT HCHOJB30BaTh PAaTHOYACTOTHBIC THAMA30HBI
455 MTI'1, 2.45 nnu 5.8 I'Th, a maccuBHbie — 124, 125,
135 k', 13.56 MI'ny, 860...960 MI'mu 2.45 I'T'ry [3].
CTouT OTMETHTD, YTO C MOBBIIICHHUEM JUana3oHa pa-
00YMX YaCTOT ycuimBaeTcs 3Q(eKT MHOTOIy4IeBOro
OTpa)KEHUs W, KaK CIIEJICTBUE, CHIIKAETCS KaueCTBO
CBSI3M U TOYHOCTbH MO3UIIMOHUPOBaHU [3].

AxtuBHasi RFID-TexHOMOrust HICMOJIb3yeT TpaHC-
MOHJIEPbI, 000PYIOBaHHBIE BCTPOCHHBIMU MCTOYHU-
KaMW TIUTAHUWS, TPAHCIUPYIOIIUMHU XPaHUMYKO WH-
¢dopmarmro B ceth [1, 10]. Paguyc cBs3u aKTHBHBIX
RFID-metok mMoxer BapbupoBarbesa ot 30 no 100 m
[2, 5, 10]. AktuBHast RFID-texHonmorus Moxet uc-
MOJIb30BAaThCA JJI MO3ULIMOHUPOBAHUSA OOBEKTOB Ha
OOJIBIION TEPPUTOPHH B PEIKUME PEATLHOTO BpEMEHH
[1]. Taxke OIHUM U3 IPEUMYILECTB TEXHOJIOTUU SB-
JISIeTCsl HANM9YHME TOTOBBIX KOMMEPUECKHX PEUICHU,
Ha 0a3ze KOTOpbIX BO3MOXHO moctpouTs I[PS. K
HauboJIee pacpOCTPaHEHHBIM MOIX0J]aM UICHTU(H-
Kaluy 00bEKTOB Ha 0a3e akTuBHOM TexHonoruyd RFID
spisiercsi LANDMARC u VIRE [31, 32]. B o0oux

MOAXOaX HCHONB3YIOTCS HOIONHUTEIbHbIE (PHUKCH-
poBanHble dTanoHHble RFID-MeTku, oGneruaromye
kanubpoBky IPS u ciyxaiiue B KauecTBE OPUEHTHU-
poB [31, 32]. Takoii moxxom mo3BOJSIET COKPATUTD KO-
JMYECTBO 0A30BBIX CTAHIUI B CHCTEME U CHU3UTH €€
croumocTb. [logxoq LANDMARC wucnonssyer amns
MOBBIIICHU TO3ULUOHUPOBAHUS AJITOPUTM IOUCKA
k-6mmxkaitmux coceneit, a VIRE — unTepnossinuto u
anroput™ uckmroueHus. [lonxon VIRE mnozBomsier
obecrieunTh 00JIee BHICOKYIO TOYHOCTH ITO3UIIMOHHU-
pOBaHHUS, OAHAKO y HEro MOI'YT BO3HHUKHYTb IIpPO-
ONieMBbl ¢ OmpeeIeHHeM MaJOBEPOSITHOTO MECTOIIO-
JOXEHUs1 oObekTa. [JTaBHOW MpoOIeMON aKTHBHOMN
RFID-TexHONOTMY HA CErONHSALIHUMN JIEHb SBISIETCS
HHU3Kast 3HePro3(pHEeKTHBHOCTE B CHITY BBICOKOTO pac-
X0J1a 3apsia aKKyMYJISITOpa TPaHCIIOHAEpa.
ITaccuBnas HCTOJIB3YET
TPaHCIOHJEPHl 6e3 ncTouHuKoB nuTanus [10], uto

RFID-texHomorus

CIIOCOOCTBYET BBICOKON 3HEProd(ppeKTUBHOCTH CHU-
CTeM, B KOTOPBIX OHa mpuMmensercs. llaccuBHbIE
RFID-meTku OTpa)karoT paguoCHTHAJ, W3TydaeMBbIil
0a30BO#l CTaHIIMEH, W TIEpeNalOT XpaHUMYIO HH(OP-
MalMUI0 MyTeM MOIYISLHMHA OTPaKEHHOIO CHUTrHaja
[31]. B cBsi3u ¢ maHHOW O0COOEHHOCTBHIO IMACCUBHBIC
METKH 00JIaJal0oT HU3KOW CTOMMOCTBIO U OOJBIITUM
JKU3HEHHBIM LUKIOM. OCHOBHOM 007acThi0 TpHUMe-
HEHUsI JAHHOW TEXHOJIOTUH SIBJISIOTCS CUCTEMBI KOH-
TPOJISL yIAIEHHOTO IocTyma. Takue cucTeMbl (PUKCH-
py!oT hakT BXoaa 00beKTa BHYTPh MOMEIICHHSI U BbI-
XOJl U3 Hero, HoO He MO3ULMIO B IIPOCTPAHCTBE B pe-
KM€ PeabHOTO BpEMEHH. DT0 00yCIOBICHO KpaitHe
HU3KMM paJinycoM JIEHCTBUS CBSI3U NTACCUBHOM TeX-
HoJsioruu [31], 1 UMEHHO 3Ta OCOOCHHOCTh SIBJISICTCS
[JIaBHBIM HEIOCTATKOM, HE TIO3BOJISIONINM OTCIICKH-
BaTh MECTOIIOJIOKEHIE 00BEKTa B MPOCTpaHCTBE. Ta-
kuM o6Opasom, naccuHass RFID-TexHomorus ue moa-
XonuT Juis pa3zpadortku IPS.

[TonynaccuBnas texHoiorusi RFID moapasyme-
BaeT HAIMYME Y METKH UCTOYHHUKA MTUTAHHUSI, HO OOJIb-
IYIO YaCTh BPEMEHH METKa HAXOJUTCS B CIISIEM pe-
JKUME U aKTHBHPYETCSI TOJIBKO TOT/Ia, KOT/Ia MoMaaaeT
B T0JIE BUITUMOCTH OIHOW 13 0a30BBIX CTAHIIUHI U Tie-
penaet naHHble o cebe [4]. st Toro uroObI obecre-
YHUTh XOPOIIYI0 SHEProd(p(EKTHBHOCTh U TIpHEMIIC-
MYIO JJILHOCTb CBs3U B IPS Ha 6a3e nosymnaccuBHOM
RFID-TexHONMOrHH, HEOOXOAMMA apXUTEKTYpa METOK
1 0a30BBIX CTAaHIN, OTJIMYHAS OT CTAHJAPTHBIX KOM-
MEpUECKHX pelieHnii. B cBs3u ¢ 3THM pacTyT 3aTpaTsl
Ha pa3paboTKy u BHeapeHue takoii IPS [33].
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Paccrosiaue ot 0a30BOI CTaHIIMU JO 0OBEKTA IO-
3ULIMOHUPOBAHUS ONPEAEIAETCS HA OCHOBE METOJIOB
RSSI, AOA, TDOA [1, 10, 34], B xauecTBe aJIropuT-
MOB MO3UIIMOHUPOBAHUS HCIOIB3YIOTCS aJIrOPUTMBI
JAKTHIIOCKOITMYECKON WACHTU(DUKAIIMH U TTPHOITHKE-
Hus [10]. Hekoropsie IPS Ha 6a3e RFID ucnonb3yrot
AJITOPUTMBI POEBOTO MHTEIUIEKTa, B YACTHOCTH aJIro-
puT™ post yactuil [35]. laHHBIH adropuT™ MO3BOISET
MOBBICUTh TOYHOCTH ITO3UIIMOHUPOBAHUS JBIKY-
muxcs 00beKTOB 10 1 M.

RFID MoxeT 00beAMHATHLCS ¢ JPYTUMH TEXHOJIO-
TUSMU B IIEJIIX MOBBIICHUS 3 dexTuBHOcTH IPS [34,
36]. B [34] aBTOpHI IpeacTapistoT rudpuanyo IPS Ha
0a3e coBMeleHUs akTuBHOU TexHojoruu RFID u ma-
muHHOrO 3peHus. Texnomorus RFID 3nechk ucnoss-
3yercs IS WACHTU(PUKAIMK O0ObEKTa W ONpeeTICHUS
€ro HauaJIbHBIX KOOPAMHAT. MalllMHHOE 3pEHHUE BBIIOJI-
HSCT JaJbHEHIIEEe OTCIIC)KUBAHUE MECTOTIOIONKCHHS
00beKTa BHYTPH MoMenleHus. Takoil moaxos mo3Bo-
JIET  3HAUYUTENILHO BBIYHCITHTEIBHYIO
Harpy3ky IPS v moBbICUTH ee ObICTpOICHCTBHE.

JoctonnctBa TexHosnoruu RFID:

CHU3UTH

— OTCYTCTBHE MPSMON BUAMMOCTH MEKTY METKOU
u 0a30Bo¥ cranmmen [2, 32];

— BBICOKasi CKOPOCTh TIepe/iaun TaHHBIX U BBICO-
Kasi BBIYHCIIHUTENbHAS MPOU3BOIUTEIHLHOCT: 32 1 C
0a3oBas CTaHIUA MoxeT oopadorarsk ot 20 mo 1000
MeTok [3]. B cpemHeM kaxnas MeTka MOXET OBITh
npouuTana medee uem 3a 100 mc [31];

— aKTHBHAS U MOTYIIaCCUBHAS TEXHOIOTHH 00JIa-
JAr0T OOJIBIION JATLHOCTBIO CBA3H (10 150 Mm).

OcHoBHBIMH HemocTtarkamMu texHomornu RFID
SIBIISIFOTCSL:

— Majasl JaJbHOCTh CBS3M MAaCCUBHOW TEXHOJIO-
ruu (7o 1 cm) [10];

— OoJbIIast BRIYUCIUTEBHAS CIIOKHOCTD TIPH HC-
M0JIb30BAHUU TIOJTYTIACCUBHOW M aKTUBHOM TEXHOJIO-
THH;

— HHU3Kas TOMEXO03aIUIIIeHHOCTD [35];

— HU3Kas TOYHOCTb MO3ULIMOHUPOBaHUs [4];

— BBICOKOE DHEPTronoTpeOIeHHE PH UCITOh30Ba-
Huu aktuBHOM RFID;

— BBICOKHE 3aTparhl Ha pa3padoTKy U BHEIpPEHUE
MIPU UCIIOJIB30BAHUN aKTUBHOM WJIM MOJIYHNAacCUBHOMN
RFID [33].

Texnosnorus ZigBee ocHOBaHa Ha cTaHIapTe
IEEE 802.15.4 [4, 10—-12, 37]. JlanHas TEXHOJIOTHS
00JIaIaeT HU3KUM SHEPrOMOTPEOIICHHEM U TO3BOJISIET
CTpOUTH OECIpPOBOIHEIE NEPCOHATBHBIE CCHCOPHBIC

ceru [2, 10, 11], B TOM urciie caMOOPTaHU3YIOLTUECS
cetu ¢ Tornonoruei mesh [12, 37, 38]. Dro o3Hayaer,
YTO B ClIy4yae BBIXOJA U3 CTPOS OAHOTO U3 Y3JIOB CETh
MIPOAOJDKUT (PYHKIIMOHHPOBaTh. TexHomorus ZigBee
paboTaeT B IBYX paJMOYaCTOTHBIX JUAMA30HAX:
868/915 MI'm u 24 ITu [37]. Crammapr IEEE
802.15.4 onpenensieT anropuT™ M(POBaHUs B CETAX
ZigBee, uto obecneunBaeT 6€30MACHOCTh Mepeaayn
nauubix [38]. Tounocts no3unmonupoBanus [PS Ha
Oaze ZigBee cocTaBiseT B cpelHEM OT HECKOJIBKHUX Jie-
CSITKOB CAaHTUMETPOB A0 omHoro merpa [4, 10-12,
37-42]. Paguyc cBsi3u MoxkeT nocturath 40 m [37-42].

Texnonorus ZigBee no3poiseT ctpoutsh IPS kak
JIBYMEPHOTO, TaK W TPEXMEPHOTO TMO3ULMOHHUPOBA-
Hus. B [39] aBrops! onuceiBatoT IPS Ha Oaze TexHo-
norun ZigBee, crtoco0HYI0 OTCIICKUBATH MECTOIIONO-
JKEHHE OOBEKTOB B TPEXMEPHOM MpocTpaHcTBe. Ta-
KO IIOJXOJ aBTOPHI HA3BIBAIOT MHOTOCJIOMHBIM TO3H-
uuoHupoBanueM. CyThb AaHHOIO MOAXOAA 3aKIOYa-
€TCs B CJIEAYIOLIEM: OTIOPHBIC IIUPOKOBEIIATEIbHbIC
HMCTOYHMKH CUTHAJIa B IOMEIEHUH yCTaHABJINBAIOTCS
JpyT IO/ JpyroM Ha pa3HO# BbICOTE, 00pa3ys cBoe-
oOpasHble cion. Takoe pacmoiokeHHe MCTOYHHKOB
CHTHAJIa TIO3BOJIET OTCJICKHUBATH BHICOTY OOBEKTa
CIIeKCHUS.

B kauecTBe MeTona onpeneneHusl pacCTOSHUS OT
HCTOYHHMKA /10 TpueMHHKa ZigBee ncnonssyer RSSI.
B xauecTBe anropuTMOB TO3MIIMOHUPOBAHUS dYalle
BCET0 UCIIONB3YIOTCS MPUOIMKEHUE, TaKTHIOCKOIIH-
yeckas HICHTHU(UKauus U Tpuiarepamus [2, 4, 10,
37—-42]. Taxoke AJis MOBBIINICHUS TOYHOCTHU MO3UIINO-
HUpoBaHUs HekoTopblie IPS ucnone3yrot Meron cono-
CTaBJICHUS] TIOJYYCHHBIX M3MEpEeHHi ¢ IU(POBBIMH
kaptamu nometenus [40].

ImaBHBIM HemocTaTok TexHONormu ZigBee ¢
TOYKH 3pEHUS €€ MPUMEHUMOCTH B MeIUIUHCKHX [PS
3aKJII0YaeTCs B HECIMOCOOHOCTH OTCJIEKHUBATH IO-
JIBIDKHBIE OOBEKTHI C HY)KHOW TOYHOCTHIO [4, 11, 12,
40]. AnroputMbl caMOOpraHU3allMd U MapLIpyTH3a-
LIUH, UCTIONb3yeMble JTAHHOM TEXHOJIOTHEH, HE B CO-
CTOSTHUM NI€peCcTpanBaTh CETh U MapUIPYThl EpeAadn
JAHHBIX B TIOCTOSTHHOW nuHamuke. Takum oOpazom,
MOYKHO CJIeJIaTh BBIBOJI O TOM, 4To IPS Ha 0aze ZigBee
OoJIblle MOAXOAAT AJIS OTCICKUBAHUS MaJIOTIOABHIK-
HBIX IIeJIe, HO HE JJISl OIpEJIeNICHUs] MECTOTIOJIOKE-
HUs manueHToB. Tem He MeHee ZigBee moxker uc-
MOJIb30BAaThCsl COBMECTHO C JPYTUMHU TEXHOJIOTUAMHU
JUIs.  TOBBIIEHMS] TOYHOCTU MO3ULMOHUPOBAHUS.
B [41] aBTopH! onuckBaroT THOpUIHYIO IPS Ha 6aze
WHEPIMAIbHON TEXHOJIOTHH W TexHojoruu ZigBee.
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TexHonorus ZigBee 3mech MO3BOISIET KOPPEKTHUPO-
BaTh OMMOKY W3MEpEHUH MHEPIHANBLHBIX JaTYHKOB,
HapacTarollylo ¢ TeYeHHEM BPEMEHHU, a MHEPIHallb-
Hasl COCTABJISIONIAsI TTO3BOJISIET HUBEINPOBATH BIIHSI-
HUE HHTep(EepEHINH, BO3HUKAIOICH B KaHAJIE PaJNO-
CBSI3U, HA TOYHOCTH IMO3ULIIOHUPOBAHHUSL.

K mocromHcTBaM TexHONMOTMU ZigBee MOXKHO OT-
HECTH:

— HU3Koe 3Hepromnotpebnenue [2, 4, 10, 12, 37,
39, 40]. Heo6xoqumMo OTMETHUTH, YTO YPOBEHb dHEp-
ronorpeOiieHus TexHonoruu ZigBee ymmnibs He3Hauu-
TENBEHO HIDKE YPOBHS DHEPrONOTPEOICHU TEXHOIO-
ruu BLE [48];

— HU3KYIO CTOUMOCTh obopymnoBanus [10, 37, 39,
407;

— BBICOKYIO TOYHOCTH MO3UIIMOHUpPOBaHus [2, 10,
37-42];

— Oe3omacHOCTh KaHaia cBsi3u [4, 37, 38];

— MPOCTOTY pa3BepTHIBAHUS U 00CTyKuBaHU [12].

K Hepocratkam TexHomoruu ZigBee MOXXHO OT-
HECTH:

— HU3KYIO CKOpPOCTh Iepenauu AaHHbIX [11, 12,
37, 38];

— BBICOKYIO HHTepdepenmnto curnaia [10, 41];

— BO3MOXKHOCTB TO3HIIHOHUPOBANS TOIBKO OTHOCH-
TEJTLHO CTAITHOHAPHBIX 00BEeKTOB [4, 11, 12, 40].

Texnoaorusa UWB ncnone3yeT mMmpoKyro ojaocy
nporyckanus (6onee 500 MI ') u mepeaaet paaruocur-
HaJI KaK MOCIeIOBATENIEHOCTD YABTPAKOPOTKUX HU3-
KOYaCTOTHBIX MMIIYJIBCOB, PACIPCACICHHBIX BO BPC-
MeHu. UWB 1no3BosseT oTcieKuBaTh IBUKYIIMECS
0OBEKTHI C BRICOKOU TOYHOCTHIO B PEKUME PEATEHOTO
BPEMCHU B YCJIOBUAX OTCYTCTBHUA HpHMOﬁ BUAUMO-
ctu. UWB-curnan obmagaer BLICOKOH MPOHUTIAEMO-
CTBIO CKBO3b IMPEIMATCTBUS U YCTOHYMBOCTBIO K MHO-
TOJIy4E€BOMY PAcIpOCTpaHEeHUI0. B cBs3m ¢ TeM 4To
JUId Ilepefady JAaHHBIX MCIIONIB3YIOTCS YIBTPAKOPOT-
KM€ CUTHAJIbl C HU3KOW CIEKTPAJIbHOM IIOTHOCTHIO
MOIIIHOCTH, JaHHAs TEXHOJOTHS 00JIaJaeT BBICOKOM
sHeproa¢pdexruHOcTEI0. UWB-curaan He cosmaer
MOMEXH Y3KOIIOJIOCHBIM PaJMOYaCTOTHBIM CHUTHAJIaM
Omaronmapsi paBHOMEPHOMY PACIPEACICHUIO SHEPTUU
CUTHaJja 1o MKpokoi nonoce yactor. UWB-niepenar-
YUK CIIOCOOEH OOHAPYKUTh MPUCYTCTBHUE APYrOro ak-
THUBHOI'O yCTPOMCTBA Ha HECYILIEM 4aCTOTE U U3MEHUTh
yacTtoTy nepenaun curnana. UWB-curnan odenp Tsi-
JKEJIO MepexBaTuTh UM OOHAPYXUTh, YTO OOECIIeUr-
BaeT 0e30MacHyIo Nepeaady JaHHBIX. TOYHOCTh T03H-
nuoHupoBanus Ha 6aze UWB Moxer nocturars caH-
TUMETPOBOTO Auanasona [3, 4, 6, 7, 10, 43-49].

g onpeneneHust pacCTOSIHUSA MEXy IPUEMHHU-
KoM U niepenaruukoM curHaia UWB ucnons3yer me-
tonsl TOA/TDOA, AOA [3, 4, 6, 7, 10, 43-49].
CrouT OTMETUTh, YTO JUISI MCIOJIB30BAaHUS METOAA
AOA HeobxonuMa CIIOKHas apXUTEKTypa UCIOJIb3Ye-
Moro obopymnoBanus [48]. B cBsa3u ¢ ocobeHHOCTAMU
¢yakumnonupoBanus texHonornn UWB meron RSS
HE PEKOMEHJIYeTCs K MCIOIb30BaHMIO, TaK KaK sBIIs-
€TCsl HEHa/IeXKHBIM, HO €70 MOYKHO MCII0JIb30BaTh COB-
MECTHO C METOIaMU, IMEePEUUCIICHHBIMU paHee [43,
46]. B xadecTBe aJITOPUTMOB HCIIOIB3YIOTCS TPUIATe-
pauusi, TPUAHTYJISIIUA U JaKTUIIOCKOIIMYECKas UICH-
tudukanus [43, 46]. JInsg MOBBIIIEHUS TOYHOCTH TI0-
3ULMOHUPOBAHUS TAKXKE MCIIONB3YIOTCS JIOTOJIHHU-
TeJIbHBIE IPOrpaMMHbIe (UNBTPHI [43, 47, 48].

IPS na 6a3e TexHonormn UWB Moryt ycrieniso
MPUMEHSTECSA B 37paBooxpanennu. B [43] aBTopbl
OIMMUCHIBAIOT CUCTEMY HEMPEPHIBHOTO MOHUTOPHHIA
38 MEAUIIMHCKAM TIEPCOHAJIOM B 31aHUU OOJILHUIIBL.
OnucaHHas cucTeMa I03BOJISET OLEHUTH TPYHLOBYIO
Harpy3Ky Ha MEIMIMHCKHUX CEecTep U Iepepacipese-
JuTh ee Oosee paBHOMEPHO. B ¢BsA3M ¢ TeM 4TO Tex-
gosoruss UWB oGnagaer HeOONIBIION IaIbHOCTBIO
CBSI3U, aBTOPHI pabOTHI MPEIUIOKWIN HCIOIb30BATh
pu pazpadotke [PS saencryro apxutektypy. Kaskmas
A4yeiika BKIIOYaeT B cebs Mo ueThIpe 0a30BbIC CTaH-
MW, KOTOPbIE MMEHYIOTCS sSKOpsMHU (cM. puc. 1).
Mertka MOXET IOTy9aTh JaHHBIE TOIBKO OT Hamboiee
ommkux axopel. Ilocie momydeHus: JaHHBIX METKa
nepenaer ux Ha cMapTdoH uepe3 uHTepdeiic BLE,
HCTIONB3Ysl OMHOCTOPOHHUH KaHai cBsi3u. CMapTdoH
000pyIOBaH CHENUANBHBIM MPHIOKEHHEM, KOTOPOE
BBIUMCIIACT TEKYIIee MECTOMOJIOKEHHE METKU U Tie-
penaeT pe3yiabTaThl PacyeToB Ha IIEHTPAIBHBIN cep-
Bep IPS.

Crout oT™MeTHTh, uTO TexHojaoruss UWB moxker
WCIIONIb30BaThCs Il paguonokanuu. B [47, 48] aB-
TOPBI ONHKCHIBAIOT pamuoiokanuoHHyio IPS Ha Oaze
UBW-panapa. OcoOEHHOCTbIO TAHHOW CHCTEMBI SIB-
JSieTCS OTCYTCTBUE METOK. [103UIIMOHUpOBaHUE B TIO-
MEIECHUN OCYIIECTBISICTCS IOCPEACTBOM pajapa.
Jns yMeHbIIeHHS ONMIMOKU MO3HIIUOHHPOBAHUS CH-
CTeMa UCIOJB3YEeT NOMOJIHUTENbHBIE MPOrpaMMHBbIE
GUIBTPBl M aNTOPUTMBI MAIIMHHOTO OOYYEHHUS.
MammaHOE O00y4deHHEe MO3BONSET  OTCIICKHUBAThH
JOBWKYyIIMECS Lenu W 0a3upyercs Ha alroputMme
konoBoi kuuru. UWB-pagap crnocobeH paznndaTrh
JIBWKYyIIHECS OObEKTHI B paamyce oT 1 mo 8 M.
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OnucanHas aBTOpaMu CHUCTEMA SIBIISIETCS YHUKAJIBHOM,
HO MaJIOTIPIMEHUMON B 00JIaCTH 3PaBOOXPaHEHNUS B
CBSI3U C BBICOKOM CTOMMOCTBIO 00OPYIOBaHUs, CIIOXK-
HOCTBIO Pa3BePThIBAHUS U HU3KUM PAIUyCOM CBA3H.

Hocrouncrea Texnomoruu UWB [43—-49]:

— BBICOKas TOYHOCTb MO3ULIMOHUPOBAHUS I10
CPaBHEHUIO C JPYTUMH PaJIn0YacTOTHBIMU TEXHOJO-
THSIMU;

— HU3KOE€ DHEPronoTpediIeHue;

— IOMEXOyCTOWYHBOCTB;

— OTCYTCTBUE IIOMEX yCTPONUCTBaM, UCIONb3YIO-
LI1M Y3KOIOJIOCHBIE KaHAJIBI CBSI3H;

— BBICOKAs MPOITyCKHAs CIIOCOOHOCTH KaHaja
CBSI3H;

— 0e30MacHOCTh KaHalla CBSI3H.

Henocrarku rexnonorun UWB [43-49]:

— BBICOKHE TpeOOBaHUS K XapaKTEPUCTHKAM HC-
MOJIE3yeMOTro 000pYyIOBaHHUS;

— BBICOKasi CTOMMOCTh 000PYIOBaHUS;

— BBICOKAs CIIOKHOCTH Pa3BEePTHIBAHUS U 00CTY-
KUBaHMS;

— Manelid paauyc cBsizu (70 20 m).

Texnosaorus NFER siBnsieTcsi OTHOCUTENBHO HO-
BOM PaZlMOYaCTOTHOM TEXHOJIOTMEH, OCHOBAaHHOW Ha
HU3MEHEHUH CIABHTa (a3 MEXKIY MEKTPUIECKOM 1 Mar-
HUTHOW COCTaBIISIOUIMMHU 3JIEKTPOMATHUTHOTO OIS,
BO3HUKAIOIIETO BCIEACTBUE YIAJICHUS OT HU3Iydaro-
e aHTeHHBI. BOMM3K aHTEHHBI CABHT (a3 coCTaB-
nstet 90°, a pu YBETUYECHUH PACCTOSTHUS 3TOT CIIBUT
yMeHbIaercs. s Toro 4to0bl U3MEPUTh PacCTOs-
HUE, IUCTAHIMA MEXAy TMPUEMHUKOM M TepenaTyu-
KOM CHTHajla JOJDKHA JIeXKaTh B Ipesesiax MOJOBUHbI
JUTHBI BOJHBI [ 12]. OnTuMansHast TUCTaHINS MEXKTY
MPUEMHUKOM W TEPEJaTYNKOM COCTaBJISACT OKOJIO
15 M, Tak Kak mepeAaTYuKu padOTarOT Ha HHU3KHUX
yacrorax (1...10 MI'n) [12, 50].

Apxutekrypa IPS Ha 6a3e NFER ommuaercs ot
OOIIENPUHSITON. 37eCh epeNaTINKOM paJHOCUTHAIA
SIBIISICTCSI TIEPEHOCHAS METKA, a TIPUEMHHUKHU CHUTHAJIa
(siKOps1) SIBISFOTCST (PUKCHPOBAHHBIMHA U yCTAHABIIHBA-
I0TCA 110 NIEPUMETPY NoMelleHus. B cBs3u ¢ qaHHOMR
0COOCHHOCTBI0O METKa MMEET JOCTATOYHO OOIBIIUE
rabapurtsl [12].

B [50] aBTops! onmceBaroT IPS Ha 6a3e mmpoko-
nonocHor TexHonorun NFER, nepenaromieil 1aHHbIE B
pamuonuanazone AM (530...1710 kI ). Mcrionb3oBanue
LIMPOKOM IOJIOCH! NPOIYCKAaHUsI MO3BOJIAET CHHU3UTH
BIMSIHAE OTHOIICHUS] CUTHAJI/IIIYM HA TOYHOCTH ITO3H-
UMOHHUPOBaHUS. [lJId OLIEHKHM pACCTOSHUS MEXIY
MIPUEMHUKOM U TNEpeJaTdYMKOM HCIIONIb3YeTCS METOA

HaUMEHBILIUX KBaIpaToB. ABTOPHI YTBEPKAAIOT, YTO
pa3paboTaHHas cHUCTeMa CIocOoOHA TMO3UIIMOHUPO-
BaTh OOBEKTHl B YCJIOBUSAX BBICOKO3AIIYMJIEHHOMN
Cpelpl.

K mpeumymecrtBam Texnomorun NFER moxknO
OTHECTH:

— I0CTaTOYHO BBICOKYIO TOYHOCTH [TO3ULIMOHUPO-
BaHUS;

— OTCYTCTBHE HEOOXOAMMOCTH TOYHON CHHXPO-
HU3ALWU [0 BPEMEHU MEXIy NPUEMHHKOM M Tepe-
naruukoMm [50];

— YCTOHYHBOCTb K MHOT'OJIy4YEBOMY OTPAaXKEHUIO B
CBS3U C MCIIOJIb30BaHUEM HU3KOYACTOTHBIX CUTHAJIOB
[50].

Henocrarku texaomornu NFER:

— HU3Kas JalbHOCTH CBSI3H;

— OompIue rabapuThl AKTHBHBIX MAsKOB;

— CJIO)KHOCTb Pa3BEpPTHIBAHUS U 0OCITYKUBaHUS;

— BBICOKasi CTOUMOCTB 000pYIOBaHHUA.

B cBsa3u ¢ Tem uto TexHomorusgd NFER ente maino-
U3y4YeHa M Ha PhIHKE HE MPEICTaBJICHO KaKUX-THOO
TOTOBBIX pelleHuid, Takas [PS sBisercs cioxHoi B
IPOCKTUPOBAHUH, PA3BEPTHIBAHUN U OOCITYKUBAaHUH.

3axmrouenne. CpaBHEHHE OCHOBHBIX XapaKTepH-
CTHUK PAaCCMOTPCHHBIX paarO4aCTOTHBIX TEXHOJIOTUH
indoor-mo3uIMOHUPOBaHNS TIPEACTABIICHO HA pHC. 2.

Ha ocHoBe ananm3a moirydeHHOW WHGOpPMAIAN
MOXHO CZEJIaTh BBIBOJ O TOM, YTO B LIEJIOM pajHroya-
CTOTHAsI TEXHOJIOTHSI MOXKET IPUMEHATHCS IS pa3pa-
o6otku IPS B obmactu 3apaBooxpaHenus. Vckimtoue-
HHEM sIBIIsieTcsl TexHoIorus ZigBee, kotopas He nozi-
JEPKUBAET MO3ULMOHUPOBAHNE BbICOKOIOABHIKHBIX
00BEKTOB B peXKHME PEaTbHOTO BpeMeHH. bobinH-
CTBO PACCMOTPCHHBIX TEXHOJIOTUH WMEIOT psAd KOM-
MEpYeCKUX pelIeHuH, Ha 0a3e KOTOPBIX MOXKHO
OBICTPO U C HAMMEHBIINMH 3aTPaTaMH Pa3BEPHYTH U
obcmyxuBathk IPS. Taxke OOJBUIIMHCTBO pPaccMoOT-
PCHHBIX TEXHOJOTHIA 00JIaTal0T BEICOKOU CKOPOCTEHIO
nepeaayn JaHHbIX U 6630HaCHBIM KaHaJIOM CBs3H.
[MaBHBIM HEZOCTATKOM IMO3UITMOHUPOBAHMS Ha Oasze
PaAMOYaCTOTHBIX TEXHOJIOTUH SIBIISETCS HU3KAsl TOY-
HOCTb OTPENIEICHUSI MECTOTIONIOKEHHS. DTO CBA3aHO
¢ TeM ($aKToM, YTO PaJUOBOJIHBI IPOHUKAIOT CKBO3b
CTEHBl U NEPEKPBITHS, a TAKXKE MOJBEP>KEHBI BIIUS-
HUSAM IIOMEX. 21_]'[51 TOTO IITO6I:»I YMEHBIINUTH BJIIMAHUC
JAHHOTO HEIOCTaTKa, HEOOXOAUMO JICTABHO MPOIY-
MBIBaTh (PH3HYECKYIO aPXHTEKTYpy CHUCTEMBI, a
MMEHHO KOJMYECTBO 0a30BLIX CTaHIMM, CIIOCOOHOE
00eCTIeunTh MOKPHITHE KOHKPETHOTO MTOMEIIICHHS Pa-
JUOCBSI3bIO, MPUHIMII UX pa3MEIlEHUs, XapaKTepu-
CTHKH UCTIONIB3YEMOTO O0OPYIOBAHUS U T. 1.
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Texunomorus
Kpurepuit A AxrtuBHas | [lomxynaccus- .

Wi-Fi BLE REID was RFID ZigBee uwB NFER
Toanocrs 00000 | #0000 | 00000 | 00000 | 00000 00000 @ 00000
HO3I/IIIPIOHI/IpOBaHI/I$[
iﬁg”m“““ 00000 00000 | 00000 | 00000 | 20000 | @000 | @O0
CroxHoCTS 00000 00000 | 00000 | 80000 | 00000 | @000 | ®O0O0D
pa3BepTI>IBaHI/I${
Onepro- 0000 | eeeee | 80000 | 00000 | seee® | 00000 | 0000
3(h(heKTHBHOCTh
KoMmakTHOCTB \/ \/ \/ 1/ 1/ \/ )(
IIpomycknas
CIIOCOGHOCTD 00000 | 0000 | 00000 | 00000 | @000 | 00000 | 0000
KaHaJia CBA3HU
Towexo- 00000 | 00000 | 00000 | 00000 | 00000 | 00000 | 00000
yCTOI/I‘H/IBOCTB
Wnentuduxanus
O6’beKTa CJIC)KCHUSA J ( ( J J J J
3aummenHoCT, 00000 | 00000 | 20000 | 20000 | 0000 | 00000 | 00000
KaHaJia CBsA3H

Puc. 2. CpaBHEeHHE XapaKTEPUCTHK PACCMOTPEHHBIX PAJHOYACTOTHBIX TEXHOJIOTHI indOOr-MO3UIIMOHUPOBAHKS

Fig. 2. Comparison of the characteristics of the reviewed radiofrequency indoor-positioning technologies

YacTs moMex MOXXHO YCTPaHUTh 32 CUET BKIFOUe-
HUS B IPOrpaMMHOE 00eCTiedeHUe CUCTEMBI JTOTTOTHH-
TCJIIBHBIX nporpaMMme q)HHLTpOB. CTOI/IT OTMECTHUTH,
YTO MPOrpaMMHBIC (PUIIBTPBI MOTYT HET'aTHBHO BIIUSATH
Ha BBIYHCIUTEIBHYIO TPOM3BOAUTENRHOCTH IPS.
BcenenctBre 3T0ro HEOOXOAUMO HCIOIL30BaTh BHICO-
KOIIPOU3BOAUTEITLHOE 000pYIOBaHHE.

[Ipoananu3upoBaB MOCTOMHCTBA W HEIOCTATKH
pa,Z[I/IO‘IaCTOTHLIX TCXHOHOFHﬁ, OIIMCAHHBIX B HACTOS-
e cTaThe, MOXKHO CJHIeJIaTh BBIBOJ, O TOM, YTO TEX-
Honorus BLE ny4nie Bcero noaxoauT sl CO3AAHUS
IPS B MeaunmHCKOM yupexaeHun. Hecmotps Ha TO
yto TexHoorusa Wi-Fi o0magaer 0osee BEICOKOU CKO-

POCTBIO TIepenayy JaHHBIX U OOJIee 3alIuIIeHHbIM Ka-
HAJIOM CBSI3M, OHA TaKke oONamaeT HU3KUMH DHEp-
rodGGEeKTUBHOCTHI0 M TOYHOCTHIO TIO3UIIMOHUPOBA-
Hus. Texnomorun NFER, RFID u UWB cioxHsl B
paspabotke u obciykuBanun. TexHonorus BLE ke
o0ajjaeT HU3KUM PHEPTONOTPeOIeHHEM, I0CTAaTOUHO
BBICOKOM CKOPOCTBIO TIepeiadll TaHHBIX M XOPOIIHM
paamycoM cBsi3U. Ha phIHKe CymecTByeT psi TOTOBOTO
obopynoBanusi Ha 06aze BLE, xotopoe ympomaer pas-
BEpPTHIBaHKE W OOCITY)KHBaHUE TIEPCOHAILHOM Oecnpo-
BOIHOM ceTH. Tak)Ke CTOMT OTMETHMTb, YTO OOJIBLIIHH-
CTBO GCCHpOBO,Z[HI)IX MCIVMIUHCKUX JaTYUKOB OCYy-
MIECTRIISIFOT 0OMEH JTaHHBIMH Yepe3 natepgeiic BLE.

ABTOPCKUIA BKNAA,

Bparun JImutpuii CepreeBud — aHHOTAIMS, BBEICHHE, BEIOOP OIICHOYHBIX KPUTEPUEB, OTIMCAHKUE PAJN0YaCTOT-
Ho TexHooruu, Texnonoruit Wi-Fi, Bluetooth, 3akimouenue.
HocnenoBa Upuna BragumupoBHa — anHoTanus, texnonorun RFID, UWB, NFER, nepeBon Ha aHTIHii-

CKHH A3BIK.

Yepenanosa Upuna BragumupoBHa — TexHonorus ZigBee, CITUCOK JIUTEPATypPhI, MOATOTOBKA TEKCTa CTAThH.
CepeopsikoBa Bukropuss Hukos1aeBHa — BBeieHHE, 3aKIIIOUEHHE.
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CucTeMbl aHanusa 6MoMeANLIMHCKUX AaHHbIX
AN ANArHOCTUKW 3110Ka4eCTBEHHbIX HOBOO6PA30BaHWIA KOXM

0. O. MAKMHUHE

CamMapCKnii HauMoHa N bHbIA UCCneaoBaTeNbCKNM YHBEpCUTET
nmeHn akagemuka C. IN. Koponesa, Camapa, Poccusa

™ myakole@gmail.com
AHHOTauusA
BBegeHue. 3$PeKTUBHOCTL ANArHOCTMKM 3/10Ka4eCTBEHHbBIX HOBOOBPAa30BaHW I KOXW OCTaeTCcs HeyAOoBIeTBOPU-
Te/IbHOV BBMAY C/IOXKHOr0 npoLecca MHTeprpeTaumm KAIMHNYecknx npmnsHakos. C Apyror CTOPOHbI, B MociegHue
ABa JecaTnneTua akTMBHO Pa3BMBAOTCA HEVHBA3VBHbIE ONTUYeCcKMe MeTOAbI AMarHOCTUKYM, HanpumMep Lndpo-
Bas JepMaTocKonusa 415 BU3yanmsaLmm NoOBEPXHOCTHLIX HOBOO6Pa3oBaHWIA 1 oNThYeckas KorepeHTHas TOMo-
rpadus (OKT) 4nsa nonyyeHMs NPOCTPaHCTBEHHbIX cpe30B. MNocnefHme ycnexm B 061acTy UCCef0BaHUn HeUNH-
Ba3WBHbIX CPeACTB AMAarHOCTUKN AenatoT JaHHYH0 061aCTb BeCbMa NepcrnekTUBHOM ANS NCCNef0BaHWA B KINHN-
YeCKUX YC/I0BUSIX.
LUenb pabotbl. Co3gaHre NporpaMMHbIX MOAy/ei Ha OCHOBE MaTeMaTM4eckoro annaparta TeKCTYpHOro aHanmsa
419 OMOMEeANLIMHCKNX CUCTEM, MPejHa3HauYeHHbIX 419 ANarHOCTUKM 310KaveCTBeHHbIX HOBOOBPa30BaH Wi KOXM.
MaTtepuanel u MeToapl. MNpescTaBneHbl aropuTMbl MPOrPaMMHbBIX MOAYNEN, CO3AaHHbIX A1 ONTUYeCKMX yCTa-
HOBOK COBCTBEHHOI pa3paboTku. MNMporpaMmHbie MOAYAN A5 4ePMaTOCKONNYECKOro MOAYNSA BbIMOMHEHbI Ha
OCHOBe Npeobpa3oBaHMa Xaapa, 0KaNbHbIX BUHAPHbLIX LWAaBNOHOB N LBETOBbLIX NPU3HAKOB, a An1a OKT — Ha
6a3e npr3HakoB Xapanvka, Tamypa, dpakTanbHON pasMepHOCTH, KOMMIEKCHOTO MO HanpaBieHU N MapKOBCKNX
cy4anHbix noneri. NpoeeaeHbl CCef0BaHMS Ha Habopax 13 106 gepmatockonuyecknx 1 1008 OKT-n3o06paxe-
HUVIA, coflepXXaLumx pasnnyHble KnacCol NaTONOMMIA, BKIOUAS MenaHoMy 1 6a3anbHO-KNeTOUHYO KapLpHomy (BKK).
PesynbTaThl. DKCeprMeHTabHO MOyYeHbl 3HaYeHWSA YyBCTBUTENbHOCTA 1 CrneunduuHoOCTU AN 4epMaTocKo-
nuyeckor cncremsl 1 OKT.
3aknitoueHne. YyBCTBUTENBHOCTE AePMaTOCKOMMYECKO CUCTeMbI C pa3paboTaHHbIMK anropmutMamy CocTaBuIa
90 npoTnB 93 % NO N3BECTHbLIM UCTOYHMKAM, cneunduyHocTbL — 86 NpoTturs 80 %. OAHUM 13 GaKTOpPOB yBennYe-
HWSA MOXHO CuMTaTb BBeAEeHME NepCoOHNPULIMPOBAHHOIO pexnma - JobaBneHre CpaBHUTEbHBIX MPU3HAKOB,
OLIeHVBAIOLLMX PA3NUNS MeXAY ONYyXOAbto N HOPManbHOM TKaHbIO, B MPOrpaMMHBbIV MOAyNb aHanu3sa. Mpu gu-
arHocTKe MenaHoMbl ToYHOCTb OKT nosbilweHa Ao 97 %, a npn anarHoctuke bKK - 20 96 %.

KntoueBble C/10Ba: AepMaTOCKONUS, OMTUYecKas KorepeHTHasi ToMorpadus, TEKCTYPHbIA aHanms, MenaHoMma,
6a3anbHO-K/IeTOUHas KapLMHOMa, MPorpaMMHas cuctema

Ans umtnpoBaHusa: MakuHuH O. O. CucTemMbl aHanM3a BUOMEANLIMHCKNX AaHHbIX ANS ANArHOCTUKM 3/l0Kade-
CTBEHHbIX HOBOObpa3oBaHWn koxu // WN3B. By30B Poccun. PagnosnekTpoHmka. 2020. T. 23, Ne 3. C. 80-92.
doi: 10.32603/1993-8985-2020-23-3-80-92
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Biomedical Data Analysis Systems for the Diagnosis of Skin Neoplasms

Oleg O. Myakinin™*
Samara National Research University, Samara, Russia

™ myakole@gmail.com
Abstract.
Introduction. The effectiveness of the diagnosis of malignant neoplasms of the skin remains unsatisfactory due
to the complex process of interpretation of clinical features. On the other hand, in the last two decades, non-
invasive optical diagnostic methods have been actively developed, for example, digital dermatoscopy for visuali-
zation of surface neoplasms and Optical Coherence Tomography (OCT) for obtaining spatial scans. Recent ad-
vances in the study of non-invasive diagnostic tools makes this area very promising for research in a clinical
condition.
Aim. Developing of software modules based on the mathematical framework of texture analysis for biomedical
data systems designed for the diagnosis of skin malignant neoplasms.
Materials and methods. Algorithms of software modules developed for optical systems of our own design are
presented. Algorithms for a dermatoscopic module are based on the Haar transform, Local Binary Patterns and
color features. Algorithms for OCT are based on the texture features of Haralick, Tamura, fractal dimension, com-
plex directional field and Markov random field. Studies were conducted on sets of 106 dermatoscopic and 1008
OCT images of various classes of pathologies, including melanoma and Basal Cell Carcinoma (BCC).
Results. The values of sensitivity and specificity for the dermatoscopic system and OCT were experimentally ob-
tained.
Conclusion. The sensitivity of the dermatoscopic system is 90 % versus 93 % for other authors, as well as the
specificity is 86 % versus 80 %. One of the factors of the increase can be considered the introduction of a person-
alized mode - the addition of comparative features evaluating a difference between a tumor and a normal tissue
in the software analysis module. The improved accuracy of OCT is up to 97 % for the diagnosis of melanoma and
up to 96 % for the diagnosis of BCC.

Keywords: dermatoscopy, optical coherence tomography, texture analysis, melanoma, basal cell carcinoma
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Beenenue. DPPeKTHBHOCTH AMATHOCTHKH 3JI0KA-
YECTBEHHBIX HOBOOOPA30BAHUN BapbUPYETCS B 3aBH-
CHMOCTH OT THIIa MATOJOTHH, HO B IEJIOM OCTAeTCs
HEYJIOBIIETBOPUTEILHON M3-3a CIIOXKHOCTH MHTEPIIPE-
Talluu KIMHAYECKUX MPHU3HAKOB Ha PaHHEH CTaauu
3a0orneBanms [ 1], 9TO BEAET K YBEITHUCHUEO CMEPTHOCTH.
B cBsi3u ¢ 5TUM pa3zpaboTKa HOBBIX CHCTEM JUATHO-
CTHKH BBITIIIIUT BECHMa aKTyaIbHOW W OIPaBIAHHOM.

Omntnueckas korepeHTHas TomMorpadus (OKT) [2]
C YCIIEXOM HCIOJIB3YETCsl B OPTATBMOJIOTHH JJIS T10-
Jy4eHUs] M300pakeHUH BBICOKOTO paspemieHus [3],
IJ¢ BaXHO IIONy4aTh TOYHBIC CPE3bl OOIACTH CeT-
YaTKH JJIsl OLIEHKH €€ MOP(OIOTHYECKUX MPU3HAKOB.
Uro kacaetcst HoBooOpaszoBanwmii Kok, To OKT crmo-

CucreMbl aHAJIN3A 6uomezmuunc1mx JAHHBIX VIS THArHOCTUKH 3JI0KA4Y€CTBCHHbIX HOBOOﬁpa:}OBaHl/Iﬁ KOKH

COOHO BHU3yaNHM3WPOBATH TPAHUIIBI NTATOJOTUH C MUK-
pOHHBIM paspemieHreM [4]. OnHako BBUIY ONTHYE-
CKHX ¥ MOP(OJIOTHYECKUX 0COOEHHOCTEH TKAaHEH K-
POKO HCCIIEAYeTCS JINIIH 0a3aTbHO-KICTOYHAS KapIn-
HoMma (BKK) (basal cell carcinoma — BCC) [5], Ho, Kak
MPaBUIIO, YYBCTBUTENBHOCTH | crierduanocts OKT-
IUAarHOCTHKH HE TpeBbImaeT 75 % A pa3imnvHbBIX
THUIIOB paka KOXKH.

Jlokanu3amus omyXoay Ha TIOBEPXHOCTH KOXKH JIe-
JIaeT BO3MOXKHBIM BU3YaJIbHYI0 HHCIIEKLIUIO C TIOMOILIBIO
nepMmarockormu [6]. JlepMarockonmueckne IHGPO-
BbIE CHCTEMBI MOT'YT IIPEICTABIIATD U3 ce0s KaKk caMmo-
CTOSITENILHOE METUIIMHCKOE YCTPOMCTBO, TaK W TIPH-
CTaBKY K BHEIIHEH kamepe, Hapumep DermLite Car-
bon mwmu DermLite Foto X (0o6a — 3Gen, CHIA).
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OOBIYHO YCTpPOWCTBa PabOTAIOT B MOISIPH30BAHHOM
cBeTe, onHako, Hanpumep, The Foto X crocobeH pa-
00TaTh TaKXKe B HEMOJISPU30BAHHOM [7].

OTOenpHO CIEMYeT OTMETUTh MYJIBTHCIEKTPAIIb-
HBIE JEpPMaToCKOIbl. llpumepaMu MOTYT CITyXKHUTh
pubopsl SIAScope u MelaFind. O6a npubopa Benyt
CbEMKY B HECKOJBKHX CICKTPAIbHBIX IUAlla30HaX.
Wnes SIAScope npemnoxena Caiimonom KotrroHom
[8, 9] B 1996 r. SIAScope BeneT ChbeMKy B IISITH CIIeK-
TpaJbHbIX auanazoHax, MelaFind — B 10 pa3muaHbIx
ZIMara3oHax OT CHHEro 10 MH(PaKPaCcHOTO, 3aXBaThIBAS
B m1youny 110 2.5 mm [10]. Tounocts SIAScope B aua-
THOCTHKE MenaHoMbl aocturaer 83 % [11], a ¢ momo-
IIBI0 TOMOJHUTENBHOTO POrpaMMHOr0 Momyist Mole-
Mate — 100 % [12]. [TapamokcanbHbIH (hakT, HO B TOM HC-
CIICZIOBaHUHM ¥ TOYHOCTh SKCIIEPTHOM OrleHKH 6e3 Mole-
Mate npy IMarHOCTUKE MeNaHOMBI cocTaBuia 94 %. Uto
kacaercst MelaFind, To aBropel [13] yTBepXkmaroT o
100 %-it 4yBCTBUTEIBHOCTH B JHATHOCTHKE OITyXOJeh
KOXKM IpH KpaiiHe HU3KoH crermguaHocty 5.5 %.

OmnucaHHbIe TEXHIYECKIE CPEACTBA TPEOYIOT IKC-
MEPTHOM OICHKU crenuanucToM. [lapamiensHo pas-
BHBAIOTCS MAaTEMaTH9YEeCKHE METOIBI
CKOTO PACMO3HABAHUS KOXKHBIX MATONOTHH. ABTOPHI
[14] mocturu 97 %-ii 4yBCTBUTENHLHOCTU AUArHO-
CTHKH MEJIAHOMEI C TIOMOIIBIO PEIIAIOINX JePEBhEB,
onHako cnerduyHocTs 612 MeHee 50 %. B [15] aB-
TOPBI C WCTOJB30BAaHUEM HEUPOHHBIX CETEH IIOIy-
gy 90 %-10 TOUHOCTh JMATHOCTHKU MEINAHOMBI U
94 %-10 TIIOCKOKIeTouHoro paka. B [16] TouHOCTH
JMArHOCTUKYW MenaHoMbl mpeBbickia 95 %, BKK —
92 % c moMoIIbI0 METO/Ia OTIOPHBIX BEKTOPOB.

aBTOMaTnu4dc-

B ananmze n300pakeHN# MIUPOKO UCTIONB3YETCs
MareMaTUYeCKHH armapar TeKCTypHoro aHanmmsa [17-19],
HECMOTpsL Ha TO 4YTO e}:[PIHOﬁ MOACIHN M ITOHUMaHUS
TEKCTYpbl HE CyllecTByeT. M3BeCTHBI, MO KpalHeul
Mepe, TpU TOIXOAa K OMHCAaHUI0 TekcTyp [20-22]:
CTaTUCTUYECKUMN, CTPYKTYPHBIN 1 CTOXaCTUYECKHH.

Hacrosmas cratbst mocpsilieHa ONHUCAaHUIO CH-
CTEM aHaJIN3a ACPMATOCKOIMIECCKUX U300paKeHUH U
nzobpaxenuit OKT, a Taxke pe3ynbTaTtoB UccIenoBa-
HUI in Vivo U ex Vivo pa3IeIuMOCTeN KJIaCCOB IaTo-
noruid. O6CyXIeHIe ¥ CPAaBHUTEIBHBIN aHaJIH3 IpH-
BE/ICHBI B NIOCIIEIHEH YaCTH.

Marepuajbl M MeTOAbI. /Jepmamockonuueckast
cucmema. KiHn4eckoe UcciaeoBaHUeE in vivo Mpo-
BOAMJIOCH C MICTIOJIb30BaHNEM pa3paboTaHHOI B 1abo-
paropun "®oronuka" CaMapckoro HalMOHAIbHOIO
UCCIIEIOBAaTENbCKOTO  YHUBEPCUTETA  HM.
C. II. KoponeBa 1epMaTOCKONIUYECKON CUCTEMBI, CO-

aKaj.

Puc. 1. OnTryeckas cxema 1epMaTOCKOMMYECKOTO MOTYJIS .
1 — reneBu3nonHast kamepa; 2 — 6enbie CII; 3 — kpacusrit C/I;
4 - YO Cl; 5—3enensiii CJ1; 6 — cunnit CI; 7 — uiabtp
nopasnenust Y ®-uznydenust; 8 — momsipusarop; 9 — kopryc

Fig. 1. Optical scheme of the dermatoscopy unit:

1 —television cameras; 2 — white LED; 3 —red LED;

4 —UW LED; 5 — green LED; 6 — blue LED;

7 — UV suppression filter; 8 — polarizer; 9 — housing
cTosied W3 ontuieckoro momyis (puc. 1) m mpo-
TPaMMHOTO MOIYJS I TEKCTYPHOTO aHalnu3a HOBO-
o0pa3oBaHWil. YCTPOWCTBO TO3BOJSECT IOJYYaTh
U300paKeHUs] B HECKOJBKHX DPEXHMMaX MOICBETKH,
BKITIOYAsI MYIIBTUCTICKTPATBFHYIO BH3YaJIH3ALUIO B TI0-
JSIPU30BaHHOM CBETE, a TAKKE BU3YaIH3AIHIO aBTO-
¢myopecueHMK (HaTUBHOM (hyopecrieHIun) Mpu
yABTpapHONIETOBON ToACBeTKe. B KadecTBe (pOHOBOMA
TIOZICBETKU HcHonb3ytoTes 4 Oenbix ceeromuona (CH)
FM-5630WDS-460W-R80 (c monsipu3aiiuoHHBIM T0-
KpbITHEM | 0e3) (puc. 1, 2) u tpu rpynmsl C/1 Bumu-
moro muanazona (CREE XPCReD-L1-0000-00301
(puc. 1, 3), CREE XRCGRN-L1-0000-00NO01 (pwuc. 1,
5), CREE XREBLU-L1-0000-00K01 (puc. 1, 6))
C MTMKOBBIMH JIJITMHAMU BOJIH B KpacHOM (620 HM), 3e-
neHoM (530 uM) u cuHeM (470 HM) IHana3oHax coOT-
BETCTBEHHO. ABTO(IIyOpecLeHINsI BO30Y>KAAaeTCs ¢
nmoMoIneto  yneTpaduoneToBeix (YD) cBeTomnonos
LEUVA77V20RVO00 (puc. 1, 4) c THKOBOI HHTEHCHUB-
HOCTBIO Ha JJIMHe BOJHBI 365 HM. Kamepa cHaOxeHa
mupokononocHeiM  ¢umeTpoM  ThorLabs FGLA435
(puc. 1, 7) nnst ¢pmisTpannu aBToIyopeCcUEHINY, a
Takxe KpoccrnousapusaropoM (puc. 1, 8) mis Busyanu-
3alUi TOAKOXKHBIX CJOeB smnuaepmuca. [Ipumep
MYJIBTUCIICKTPAIBHOTO HM300paKECHUST TPENCTABICH
Ha puc. 2 [23].

IIporpaMMHBII MOAYJIb CUCTEMBI PEATIU3YET AJIrO-
PHUTM, TIOCTPOCHHBIN IO MOAETH OOYYEHUS C ydIuTe-
JIeM, KOTOPBIH aHAM3HUPYET U Kiaccuuimpyet n3obpa-
JKeHUs, 0a3UpysICh HA OIICHKE IIBETOBBIX U TEKCTYPHBIX
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Puc. 2. MyapTUCTIEKTPpATIbHOE H300paKEHHE OCCITUTMEHTHON METAHOMBI B PA3JIMYHBIX MMOICBETKAX:
a — Oenas oJsIpU30BaHHas; 6 — Oerast HemoJIIPU30BaHHast; 6 — aBTO(IyOpeCLeHIHs; & — KpacHasi; O — 3eJIeHast; € — CHHSSL

Fig. 2. Multispectral images of the nonpigmented melanoma under various highlights:
a — white polarized; 6 — white non-polarized; ¢ — autofluorescence; 2 — red; o — green; e — blue

TPHU3HAKOB, KOCBEHHO OLIGHMBAIOIIMX TaK Ha3bIBAGMBbI
CEeMUTOYCUHBII MPOBEPOYHBI CIIMCOK [24]. Anroputm
COCTOMT U3 CIEAYIOUINX Iaros [23, 25]:

— TpeaBapuTenbHas (GUIbTpanus HU300paKeHHUS:
LBETOKOPPEKLUS, GHIBTP yNaNeHHUs BOJIOC U MEAUAH-
Has GUIBTpAIuS;

— BbIJIesIeHNe peruoHa unrepeca (Region of Inter-
est — ROI) (o6nacth omyxosu, nepexoaHas ooaacTb U
00JacTh 310pOBOI KoXxH, puc. 3 [23]);

Skin

) _
Puc. 3. O6nactu HopManbHOH KoxkH (SKin) u omyxonu

(Lesion). OauH psix 4eTHIPEXCBI3HBIX OIOKOB MEXy HUMH
o0pasyer nepexoqHyro 00JIacTh

Fig. 3. Normal Skin and Lesion regions. One row of four
connected blocks between them forms a transition region

— OIICHMBAHUE LBETOBBIX M TEKCTYPHBIX MPHU3HA-
KOB (IIpH3HAKKM Xaapa, JIOKAJIbHbIC OMHApHBIC Mal-
nousl (Local Binary Patterns — LBP) ans obnactu
OTYXOJIH U 3JOPOBOW TKAHU;

— OlIEHKA CPaBHUTEIBHBIX MPU3HAKOB (TIEPCOHU-
(bUIMPOBAHHBIN TOAXO/: IBETOTEKCTYPHEIE IPH3HAKA
OIICHUBAIOTCS W JUIA 00JIaCTH OIYXOJIH, U JUIS 00JIacTh
HOPMAJTBHOW KOXH, OIICHUBACTCS U J00aBISIETCS K
BEKTOPY IIPU3HAKOB OITyXONIM CpPaBHHUTEIFHAS MeET-
prca [23]);

— pacmo3HaBaHue (PEKOMEHIAIINS TUarHo3a) ¢ uc-
MOJIb30BaHUEM METOIA OTOPHBIX BEKTOPOB (Support
Vector Machine — SVM).

Cucmema onmuueckou KO2epeHmHOU momozpa-
¢uu. JJabopaTopHOe UCCIIeOBaHNE ex Vivo 00pa3IoB
MPOBOJMIIOCH C TOMOIIBIO CHCTEMBI, BKIIHOYAIOIIEH
ONTHYECKUII MOAYyTh U coOpaHHYI0 B Jaboparopuu
"®oronuka" ycranoBky OKT cnekrpanpHOro tumna
(puc. 4). Ona BriIrOUaeT B ce0sl MIMPOKOTIOIOCHBIH CY-
MIEPIIOMUHECIICHTHBIN J1asepHblil auon (puc. 4, 1)
(nmonoca w3nydenuss 840 £ 45 HM, BbIXOIHAS MOII-
HocTh 20 MBT), nHTEpdepomerp MaiikenbcoHa ¢ Ko-
s dunmentom nenenus 50/50 (puc. 4, 2) U cnekTpo-
dhotometp (puc. 4, 5), conepxaiuii TUPPaKIHOHHYIO
pemetky (1200 mrpuxoB/mMm) (puc. 4, 6) 1 TMHEHHYTO
[13C-kamepy (puc. 4, 7) (paspemienne 2048 mukce-
neii, gactora pazseptku 29.3 xI'1). UaTepdepentmon-
HBI CHTHAJ PETUCTPUPOBAJICS CIIEKTPOGOTOMETPOM U
onMQppOBBIBAICS KapTol 3axBara m3o0paxkennit (NI-
IMAQ PCI-1428). [Ipumep n300paxkeHusI peICTaBICH
Ha puc. 5, TI€ SJUIMIICaAaMH BBIACIICHBI OTIIMYUTCIIBHBIC
toronornyeckue npusHaku bKK — "rue3na’.
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Puc. 4. Cxema cnexrpanbaoif OKT: 1 — mmpoKOnoI0CHBIH
MCTOYHMK ONTHYECKOTO M3ITy4eHHUs; 2 — HHTepdhepoMeTp
Maiikenbcona ¢ kodddurmenrom nenenus 50/50;

3 — onopHoe 1w1e4o; 4 — MpeAMETHOE IUIeYO;

5 — ciektpodoromerp ¢ auppaKIMOHHOI perreTkoit 6
u [13C-kamepoii 7; 8 — KOMIIBIOTED

Fig. 4. Scheme of the spectral optical coherence tomography
(OCT): 1 — broadband optical radiation source;
2 — michelson interferometer with division factor 50/50;
3 —reference arm; 4 — sample arm; 5 — spectrophotometer
with diffraction grating 6 and CCD camera 7; 8 — computer

Puc. 5. OKT-u300paxeHne 6a3anbHO-KIETOYHOTO paKa

Fig. 5. Image of the OCT of basal cell carcinoma

OnTHyueckuit MOAYNb JOMOMHEH MPOTPaMMHBIM,
AITOPUTM KOTOPOTO COCTOUT U3 CIECAYIOIINX OCHOB-
HBIX JTarloB:

— IpeBapUTeNbHAS (PUITETpAIIUS H300paXKESHUS: y/a-
JIeHHE IIYMOB C IOMOIIBIO MHTEPBAIBHOTO HEYETKOTO
aHu30Tponuueckoro g QysHoro guistpa Il THna [26];

— OIIEHKa TEKCTYPHBIX MPU3HAKOB (Tab. 1);

— pacro3HaBaHHE MMaToJIOTHH MeTornoM SVM.

Tabruya 1. [JlnarHocTHYeCKUE TEKCTYpHBIE pH3HaKkK A7 onieHkn OKT-m300pakeHuii HOBOOOpa3oBaHH

Table 1. Diagnostic features of OCT skin tumors

I'pynna npusHakoB Hazpanue npusnaxa

Ornucanue MpU3HaKa

Correlation_0/45/90/135

Koppensuns Xapanuka mo GLCM-matpuiie B HanpaBieHHH

0/45/90/135°

Homogeneity_0/45/90/135
Xapanuk [27]

OpnsoponHocTh Xapanmka no GLCM-marpuiie B HanpaBieHUN

0/45/90/135°

Contrast_0/45/90/135

Kontpact Xapanuka no GLCM-matpuue B HaripaBieHUH

0/45/90/135°
Oueprus Xapanuka no GLCM-matpuiie B HanpaBieHHN
Energy_0/45/90/135 0/45/90/135°
T'a6op [28] Gabor_0/1/2/.../16 17 npusnakos ['abopa
Fent KonTtpact Tamypa
Tamypa [29] Fair HampasiennocTsb
Fers 3epHUCTOCTh
D, Mertox nozicuera GppakTanbHOM pa3sMEPHOCTH
f 1D "box counting” [30]
S CTaHnapTHOE OTKIOHEHHE (PPAKTAIBHOM Pa3MEPHOCTH METO/IA
OpaxransHas of 1D "box counting”
pa3MepHOCTh Dps 2D ¢pakranbHas crieKTpaibHas pasMepHocTs [31]
Dy JnddepeHnmansHpiii METO MOICYETa PPAKTAIBHOM PA3MEPHOCTH

2D "box counting" [32]

KOMIUICKCHO® HOJe CDF_mean/variance

Cpennee/ mucniepcust dazsr KITH

nanpanenit (KITH) [33] WF_mean/variance

Cpennee/nucnepcust BecoBoit pyHknnu (BD)

. MeanR
MapKOBCKI/Ie ClIy4YauHbIC

CpenHee 3HaYCHNE aBTOKOPPEISIIHOHHON (DYHKITUH

nosst (MCIT) [34] VarR

Jlucriepcust aBTOKOPPEISAIIMOHHON QYHKINT
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buonozuueckue obpazyvi. B sKcnepuMeHTe
in vivo ¢ IepMaTOCKOITMYECKOW CUCTEMOU HCIIONB30-
Basics Habop u3 106 uzobpakeHuit, cocrodmmit u3 53
n300paxeHu MenaHoM U 53 IMpoYMX TUIIOB HOBOOO-
paszoBaHuid (22 NMUTMEHTHBIX HEByca, 4 IMAIHIIOMEI,
1 nepmaropubpoma, 25 keparom u 1 6onesHs bo-
ysHa). Bce opurnHanpHbBIe M300pa)keHHs COXpaHs-
muck B (opmare tiff (RGB, 12 out/kanan). Ilocie
3TOTO IIyOHMHA I[BETA YMEHBIIAIACh IPOrPaAMMHO JI0
8 OuT/KaHa) 1 N300paXKEHUs MOCTYNAIN Ha BXO ITPO-
TpPaMMHOTO MOZYJIS aHAJIM3a U pacro3HaBaHus. Peru-
OHBI MHTEpeca BBHIJCISUINCh B aBTOMaTHYeCKOM pe-
KHME.

B skcnepumente ex vivo ¢ OKT-cucremoit cym-
MapHO UCMob30Bajcs Habop u3 1008 u3obpaxkeHui,
Brtodas 272 wuzobpaxkenus BKK, 229 — 3moposoii
KOXH, 254 — MenaHoMbI 1 253 — TUTMEHTHOTO HEBYCA.

Bce n3o0paxeHus MOJTy4YeHBI ¢ COBEPLICHHOJET-
HUX NarueHToB (eBporneoussl, [ u Il penoTHnb KOXKM)
CamapcKoro OHKOIIOTHYECKOTO AMCHAHCEepa, JaBIINX
Ha 310 comnacue. [IpoTokonbl uccnenoBanuii in vivo u
ex vivo ObUIH 0IOOPEHBI ATHUECKUM KoMuTeToM Camap-
CKOT'O TOCYIAPCTBEHHOTO MEJIUIIMHCKOTO YHUBEPCHUTETA.
Bce muarnossr moaTBepKaeHBI THCTONIOTHIECKH.

Pe3yabTarsl. B Tabin. 2 mpeacTaBieHbl JOCTUTHY-
TBIE Pe3YJIBTaThl TOYHOCTH (YyBCTBUTEJIFHOCTD, CIIe-
IU(GUIHOCTH) KIAaCCH(UKAIUH CUCTEMBI (ITPOTpaMM-
HOTO MOIYJs) Ha IEePMaTOCKOIMYECKUX H300pake-
HUsX. M3-3a HEOOJNIBIIOTO KOJNMYECTBA HM300paKeHUH
3a 00y4aroIIyro BEIOOPKY OBLT B3SIT BECh HA0OP U300-
paKeHHH, ISl KOTOPHIX MPUBEICHBI PE3YJIbTaThL. 3a-
TEM MPOBOIUIIACH KPOCCBAIMIAIMS 1O CIIEAYIOIIEMY
MPUHIMITY: Habop M300pakeHUH ciaydailHO Aenuics
Ha 00yYaroIlyl0 ¥ TECTOBYIO BBHIOOPKH B COOTHOIIIE-
aHusx 80/20, 70/30, 60/40 u 50/50 %. Knaccudukarop
KaXIBIH pa3 3aHOBO ImepeoOydancs Ha oOydaromien
BEIOOpKE, a 3a pe3y/lbTarT MPHHUMAJIAach TOYHOCTD
KJIacCU(MKAIIMKA Ha TECTOBOW BBIOOpKe. B 3akimroue-
HHE TI0Ka3aTeld TOYHOCTH YCPETHSIINCH.

Pesynpratel knaccudukamyu OKT, momydeHHbIE
C UCTIOJIb30BaHUEM IIPUHIIUIIA OTIOKEHHOH BEIOOPKH,
npenacTtaBneHsl B Tabn. 3. KpoccBammpanus Tuma
k-fold BeImoONHSANIACH CITydaliHBIM JIeIEHUEM BCEX 00-

Tabauya 2. Pe3ynbTaThl KJIacCUPUKAUH
JIEPMATOCKOMTIMYECKIX CHUMKOB

Table 2. Classification results for dermatoscopic image set

pasioB Ha 5 rpymm-(GonaoB (Kakabli pa3 Habop n300-
pakeHU# cIyJaiiHbIM 00pa3oM JIewiIcs Ha 00ydJaro-
IIYIO ¥ TECTOBYIO BEIOOPKH B cooTHOImeHn: 80/20 %).
3a pe3ynbTarhl Opaich YCPETHEHHBIC PE3yIIbTaThl Ha
TECTOBBIX BBIOOpKax 1O BceM (onaaM. buHapHbIe
KJIACCU(HUKATOPHI JIJIsI CIy4aeB MEIaHOMBI IMPOTHB
MUTMEHTHOTO HeByca IT0Ka3aHbl Ha puc. 6. [Ipencras-
JIeHb! (a30BbIe TUIOCKOCTHU ISl IPU3HAKOB Xapaiuka
(Oueprus — OmHOpOMHOCTH) A B-ckaHOB M uis
KIIH (mucnepcus — cpennee) s C-ckaHoB. B kaue-
CTBE METOJa KIIACCH(HKAINN BBIOPAHBI PEIIArOIINE
JepeBbsi ¢ TiryouHoOM BeTtBneHus 5. Kiaccuguxarop
npencTaBisieT codoit GpparmMeHTarmio Ga3zoBoi mIoc-
KOCTH, TaK KaK Ka)KIbI Ki1acc — 3T0 Habop Hemepe-
KpBIBaEMBIX 00s1acTel.

W3 npuBEICHHBIX JaHHBIX CIIEMYET, YTO HAMOOIb-
11asi TOYHOCTH OBLTA TOCTHTHYTa B OMHAPHOM KIIaCCH-
bukanuu 11 npu3HakoB Tamypa Mpu OTACICHUH Me-
JIAHOMBI OT MUTMEHTHOTO HeByca. OniHaKo Oonee cTa-
OMIIbHBIC pe3yNIbTaThl KiIacCH(UKAIUU C MPUMEPHO
SKBUBAJICHTHBIMH COOTHOIIICHUSMH YYBCTBUTEIHHO-
CTH ¥ CIeHU(UIHOCTH YIXKE JJIs Pa3HBIX KJIACCOB (Me-
JaHOMBI TIpoTHB HeByca, BKK mpoTue HeByca) ObuH
noy4eHs! i Xapamka (QHeprusi — OTHOPOTHOCTS ).
B 10 *e BpeMs TouHOCTh Kiaccudukammi bKK mpo-
THB HEByca C TOMOIIbIO Mpu3HakoB Tamypa (Komn-
TpacT — 3epHUCTOCTh) puMepHo Ha 10 % Huxe, ueM
TOYHOCTB OIpeAeIeHUs MenaHOMBI. CTOUT OTMETHUTB,
YTO TOYHOE OTIPEICIICHNE TUITa HOBOOOPa30BaHNUS SIB-
JIACTCA OUCHDb BA’KHBIM, TIOTOMY YTO OT 3TOI'O 3aBHUCAT
BapUaHTHl OYAYIIETo JICUCHHUs (HAIIpUMEp, PE3CKIHS
JUTSI MEJTAaHOMBI HJTH Jla3epHas aOmsmus 11 BKK).

CraHAapTHBIH MPOTOKOJ JAUArHOCTUKH 3a4acTyIO
COCTOUT M3 HECKOJBKHX ATAllOB WM BKIIOYAET B cels
MOCTICTIOBATENEHOE OMpeNIeIeHIe caMoro (akra Io-
TEHLHAJIBHON 3JI0Ka4€CTBEHHOCTH HOBOOOpA30BaHMUs
(0OBIYHO BpauoM OOMIEH NPaKTHKH), TOCIE Yero
oTIpeneNsieTcsl y)Ke KOHKPETHBIN THIT HOBOOOpa30Ba-
Husi. Takum oOpasoM, "Kiaccupukarop 3J0Kade-
CTBEHHOCTH" BHIUTCS BEChbMa IOMY/ISIPHBIM B MEITH-
muHe. Ero 3amaga — oTenuTh 3110KaYeCcTBECHHBIE HO-
BOOOpa3oBaHMs OT JOOpPOKAYECTBEHHBIX. DTO JaeT
Bpady IMOICKA3Ky, UTO AeJaTh Aajblle I OIpeese-
HUSI THIIA TIATOJIOTUH, €CIIH HOBOOOPA30BaHUE 3JI0Ka-
yecTBeHHOE. C Ipyroi CTOPOHBI, Bpady MpPexae BCETO
JKENaTeNIbHO cpa3y K€ OTHEIHTh MEJIAHOMY OT BCEX
OCTaJBHBIX CITy9aeB BBHIY KpaWlHEH OMAacHOCTH II0-

Bribopka UysctBuTenbHOCTE, % |CriemduaaocTs, % o
cienneil. B ganHoM citydae wiaccuukarop mena-
Oo0yuaroras 96 89
HOMBI IIPOTUB BCEX OCTAJbHBIX CJIy4acB BHIUTCA
KpoccBamunanus 90 86 OYCHB TOIXOISIIIHM.
CucreMbl aHAIM32 OMOMEIMIIMHCKUX JAHHBIX VISl IUATHOCTHKH 3J10KA4YeCTBEHHBIX HOBOOOPA30BaHMl KOMKH 85
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Tabauya 3. CTaTHCTHYECKHE TIOKA3aTeNN pa3aeieH s TKaHel

Table 3. Statistical characteristics of the tissues separation

Uyscrsn-  |Criemudura- Komn-Bo u3o0pakenuit
Knace | Koopaunars! dazoBoii miockoctr | Cpes 1 Cpes 2 Y % ! %
TeNbHOCTE, % | HOCTE, % | Ofmee | Cpes 1 | Cpes 2
BKK Hesyc 93 94 526 273 253
Xapanmik DHeprust — OAHOPOIHOCTE Menanom |  Hesyc 92 93 507 254 253
Hepyc | SROPOBas 95 87 482 | 253 229
KOXa
Jucniepcust BO — mucnepcust ¢assl|Menanoma|  Hesyc 83 96 507 254 253
KITH
Hucnepcus BO® — nucnepcust KITH|  BKK Hesyc 77 97 502 273 229
BKK Hesyc 95 96 526 273 253
MCII Hucnepcust — cpeanee
Menanoma| Hesyc 81 89 507 254 253
BKK Hesyc 88 91 526 273 253
Tamypa Kontpact — 3epuucrocts
Menasom Hesyc 96 93 507 254 253
HA Vwr A
# — Melanoma + — Melanoma
® — Nevus ® — Nevus
o
+
+ had
o | + BB .1-:'" \
—
E Veor
a 6

Puc. 6. Da3oBsIe MIIOCKOCTH 6I/IHapHI)IX KHaCCI/I(l)I/IKaTOPOB MCJIaHOMBI IPOTHUB IIMTMCHTHOI'O HEBYCA: a — IS XapaJ'H/IKa

(Oueprus (E) — Onnopoasocts (H)); 6 — KITH (nucniepcust pasbt (VCDF) — nucnepcus BO (VW,: ))

Fig. 6. Scatter plots for binary classifier of the melanoma vs nevus for: « — Haralick (Energy (E) — Homogeinity (H));
6 — CDF (CDF variance (Vcpr) — WF variance (Ve ))

PesysnbraTel OMHApHON KIIACCH(HUKAIIMA METOIOM
SVM npencrasnens! B Ta0m. 4. TOUHOCTH onpeeaeHus
3JI0Ka4e€CTBEHHOCTH IpeBbiiIaeT 90 % c nocnenyromein
BO3MO)KHOCTBIO OTIPEICIICHNS METaHOMBI C TyBCTBH-
TEJBHOCTHIO U CIICIUPUYHOCTHIO HA YpoBHE 96 %.

3arem SVM ObIT MOIU(UIMPOBAH Ha CIydait
MHOTOKIIAcCOBOCTH. Tab. 5 1 6 MOKa3bIBaAIOT PE3yiib-
TaThl 3THX Kiaccuukanuii. B Tabmuuax xaxmas
CTpOKa MOXET OBITh PAacCMOTPEHa KaK OWHApHBIN
KJIacCU(HKATOP COOTBETCTBYIOLIETO KJjlacca MPOTHB
BCEX OCTAJHHBIX THIIOB B HAOOpe maHHbIX. Hanpumep,
BKK npoTtuB menanoMs! 1 HeByca B Ta0i. 5 nnu BKK
MPOTHB COBOKYITHOCTH MEJIAHOMBI, HEBYCa U 3JI0pPO-
BOH KOkt B Ta0I1. 6. Precision, Recall u F;-score Obuin
BBIYUCIICHBI TSI BCEX BO3MO)KHBIX OMHAPHBIX CITyJIacB
C HUCIONb30BaHUEM JMHEHHOTo OmHapHOoro SVM u
BCEX BO3MOXKHBIX TEKCTYPHBIX CBOUCTB I B-CKaHOB.

[oxyueHHbIE pe3yabTaThl MOKHO OIICHHTH, KaK
MHorooOematone. Precision HE OMyCKarOTCS HUXKe
88 % IJ1s1 3MOPOBOM KOXH, T. €. JaHHBIN Kiaccuduka-
TOp HW3HAYaJIBHO (OKycHpyeTcss Ha OoJyiee TOYHOE
ompeeneHne HOBooOpaszoBanuid, Precision u Recall
(4HCIIEHHO COOTBETCTBYET CNEHU(UIHOCTH i OU-
HapHBIX KJIACCH(HUKATOPOB) HE OMYCKAIOTCS HIDKE
89 % ny1s ueThIpexKiIaccoBoro u 95 % s Tpexkiac-
COBOTO KJIACCU(DHKATOPOB.

OO0cy:xnenue U BbIBOABI. B HacTosmieil crathe
TIPEJICTABIICHBI PE3YNIBTaThl aHAJM3a JBYX HaOOpOB pas-
JMMYHBIX HOBOOOPa30BaHWiA (BKIIOYAs 3IIOKAaYECTBCH-
HBIC) BYMSI Pa3HBIMH CHCTEMAaMH — JIEPMATOCKOIIAYC-
ckoir u OKT. D1u cucrembl (HyHIaMEHTAIBHO OTIHYA-
I0TCA HE TOJBKO paspellieHneM, HO U (PH3UYECKUMHU
NpHHIMIAaMA (HOPMHUPOBaHUS H300pakeHnid. B ciydae
JIEPMATOCKOIIUM CYMMHUPYETCS PacCeIHHOE H3Iyde-
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Tabnuya 4. Pesynprarsl 6unapHoit SVM-knaccuduxarmm
Table 4. Results of the binary SVM-classification

Ob6mee
UysctBu- |Crenu¢uy- i
Knaccudukanus o o KOJIMYECTBO
TEIbHOCTh, %0 | HOCTB, % .
H300paXKeHU I
3710Ka4eCTBCHHbBIC
OHYXOIL VS 90 89 1011
OCTaJIbHBIE
n300paKeHUS
MenaHoMBI Vs
oCTajbHBIE 96 96 490
OITyXOJTH

Tabnuya 5. SVM-xnaccudukarop Ha 3 kiacca
Table 5. Three-class SVM classifier

Cpes Pre%ision, Recall,| F-score, KOJII/I‘IECTBOU

% % % n300paxxeHu i
BKK 96 98 97 268
Menanoma 97 95 96 239
Hesyc 99 99 99 251
Bcero 748

Tabnuya 6. SVM-knaccudukatop Ha 4 xiacca
Table 6. Four-class SVM classifier

Cpes Precision, |Recall,| F-score, KomuuectBo

p % % % n300paskeHnit
BKK 91 93 92 268
Menanoma 93 920 91 239
3nopomas | gg | gg | gg 253

KOXa

Hesyc 99 99 99 251
Bcero 1011

HHUE OT BCEX CJIOCB KOXKH, (DOPMUPYETCS HHTETPAIIb-
HOe 2D-m3o0paxkeHre HOBOOOpa3oBaHus. B ciyuae
xe OKT cucrema mo3BomnsieT monyyars yxe 3D-1300-
paXkeHUsT OOJIBIIIETO PAa3PEIICHMUs, YTO JAeT BO3MOXK-
HOCTh aHAJM3UPOBATH CJIOH 3a clioeM 1o nryouHe (B-
CKaH) WM CJIOHU, MapaJuieNibHble OBepXHOCTH (C-CKaH).
TaxuM 00pazoM, TEKCTYpHBIC IPH3HAKA JEPMATOCKO-
MUYECKUX M300paKEHUH ONTUYECKU YCPETHEHBI MO
mryoune. B atom cirywae C-ckanbt OKT u nepmarto-
CKOIMYECKHE U300PaKEHHUS TODKHBI IMETh CXOIHBIC
TEKCTypHBIC CBOMCTBA. bonee TouHas AMArHOCTHKA
nocrynHa npu nomomm OKT B-ckaHoB. 210 MOXHO
OOBSICHUTB TEM, YTO 3JI0KaYeCTBEHHOE HOBOOOPa30BaHHEe
XapaKTepH3yeTcss B TOM YHCIIE DTyOWHON HHBA3WH, YTO
XOPOIIIO ONpeIeNsIeTCss MMEHHO 110 B-ckaHam.

Jepmarockonmyeckuii  KI1acCU(pUKaTOp MOXKHO
NpU3HATh CTAOWIBHBIM, YTO OOBEKTHBHO IOKAa3aHO
KpoccBanuaarueil. YyBCTBUTEIBHOCTh U CHCHU(IY-
HOCTB ITOCJI€ KPOCCBAJIMIAINH YMEHBIIHINCH BCETO Ha
6 u 3 % coorBeTcTBEHHO. [Ipy 3TOM NOITyUYeHBI pe3yib-
TaTbl HECKOJIBKO JIydllle OMUCAaHHBIX B [24, 35-37]:
yyBCTBUTENBHOCTh 90 mpotuB 93 % U NOBBIIEHHAS
crieruuaHOCTh 86 poTuB 80 %. OHUM U3 (PaKTOPOB
VBEIMYCHHST MOXKHO CUUTATh BBEACHHE TEPCOHU(UIIH-
POBaHHOTO pEeXHUMa — J00ABICHHE CPAaBHUTEIBHBIX
MPU3HAKOB B MPOTrPaMMHBIN MOIYIb aHamu3a. [lepma-
TOCKOIIMYECKasi CHCTEMa B ATOM CIIydae XOPOIIO TOM-
XOIUT JUIS CKPUHHHTA, I1e TPeOyeTcs BBICOKHH ypo-
BEHb YYBCTBHTEIBHOCTH (Ha ypoBHE 95-97 %), uT0 Cco-
OTBETCTBYET PacCMaTpHBAcMOW CHCTEME, B TO BpeMs
KakK BBICOKas creruduanHocTs (89 %) MHHUMH3UpYET
YHCIIO JIOXKHOTOJIIOKUTENBHBIX Pe3ylibTaroB. 110 oTHO-
nieHuto K padoram [12—14] moydeHbl yiydllIeHHBIC
MOKA3aTeNi CrelU(HYHOCTH. AHAIOTHYHBIA BBIBOJ
MOXKHO CHIeNIaTh TPH CPAaBHEHHH C M3BECTHBIMH WH-
cTpyMeHTanbHbIMU cucTeMamu SIAScope u MelaFind.

OTOenbHO CleMyeT OTMETUTh MTPUMEHEHUE CBEPX-
touyHbIX HekpoHHbIX cereit (CHC). CHC ouenn vyB-
CTBUTENBHBI K pECypcaM, B YACTHOCTH K HaMATU. AB-
Ttopbl [38] TpenmpoBamu Google Inception v3 Ha
129 000 m3o0paxenusx u 2032 pa3IHYHBIX KIaccax.
ABTOpBI NOIYYIHIN TOUHOCTE OKOMIO 70 %, HO IPH 3TOM
He Bce 00pasibl ObLIM MOATBEP)KICHBI THCTOJIIOTHYE-
cku. [lomydeHHbIe pe3ynsTaTsl HEMHOTO YCTYIAIOT pa-
6ote [15]: 97/90 % nns 4yBCTBUTEIBHOCTH U CIICIIH-
(IYHOCTH COOTBETCTBEHHO, TIOYICHHBIC HA TECTOBOM
BBIOOPKE, OTHAKO KPOCCBAIMAAITUS HE TPOBOINIACK.

Jis OKT momydeHsl HECKOIBKO 00jIee BBICOKHE
pesynbrarhl: Precision u Recall okono 97 % B Mymb-
THUKJIACCOBOM PAaCIO3HAaBaHUH B CBS3H C MCIIOJIL30Ba-
HUEM MYIBTUTEKCTYPHOTO aHAJIH3a, TIe KaXKIbIH TeK-
CTYPHBIN NMPHU3HAK CHOCOOCH JOMOJHATH Apyroi. B
pabote Marvdashti ¢ coaBropamu [39] Obuia mosmy-
gena 95 %-s1 TouHOCTh 1ipu oOHapyx)eHun bKK cpenu
42 manueHTOB ¢ UCTIOJIH30BaHUEM TOJSAPU3ALUOHHOM
OKT. ABTOpHI UCIIONB30BAIN O0JIee CIIOKHBINA aJro-
put™ ans obnapyxeHuss ROl u u3Bnexkanm MHOXe-
CTBO TEKCTYPHBIX CBOMCTB aJisi A- 1 B-ckaHOB, BKITIO-
qasi (a30BbIC, TUCTOTPAMMHBIC CTAaTUCTHKH, CTaTH-
CTHKHM Xapanuka u Mopdonornueckue. Vcmons3sye-
Masi B ykasaHHoU pabote cuctema OKT obopynoBana
JazepoM ¢ 0osiee KOPOTKOW JIuHONM BOJHBI (840 HM
nporuB 1325 HM, mepectpamBaeMblii nazep B [38]),
T. €. XapaKTepu3yeTcst Ooee BEICOKMM YPOBHEM IITYMOB.

CucreMbl aHaJIM3a 6]/[0Melll/llll/IHCKl/lX JAHHBIX VIl JUATHOCTUKH 3JI0KAYECTBECHHbIX HOBOOﬁpa?&OBaHl/IfI KOKH 87
Biomedical Data Analysis Systems for the Diagnosis of Skin Neoplasms



H3Becrus By3oB Poccun. Pagnosnekrponuxa. 2020. T. 23, Ne 3. C. 80-92
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 3, pp. 80-92

B paccMOTpeHHOM B HacTosIIed CTaTbe YEThIPEX-
KJIACCOBOM KJIACCH(HUKATOPE ITOTYIEHBl HECKOIBKO
XyALINE pe3yabTaThl, B TO BpeMsl Kak JUIs TPEXKIIACcCo-
BOTO PE3yNIBTATHI JTydIIe.

Menanoma kak kinace OKT-m3o0paxenuid jo-
BOJIBHO PEJKO MPUCYTCTBYET B HUCCIECAOBAHUAX U3-32
ropa3zo MEHBIIECH PaclpoCTPaHEHHOCTH IO CpaBHE-
Huto ¢ bKK [40]. B [41] ucnonp30BaH OTHOCUTENb-
HBII K03((ULINEHT 3aTyXaHHs TOJBKO /Ul A-CKaHOB
U TIONY4YCHHI ITOBOJNFHO BBICOKHME IIOKA3aTeNN TyB-
ctBuTensHOCTH (93 %) u cieruduunocta (97 %) mwis
Cllyuyasl MEJTaHOMBI NMPOTHUB 1OOPOKAYECTBEHHBIX 00-
pasoBanuid. X Habop Bkiodan 15 oOpas3ioB mena-
HOM. Bxutrouenue sxe BKK B 3ToT Habop Moo 3Ha4M-
TEJIHO YMEHBIINUTh TOKA3aTeNH, TAaK Kak HEMEITaHOM-
HBIE HOBOOOpPA30BaHUs HE UMEIOT CTOJIb CTPOTOH 3a-
BHCUMOCTH TI0 TIyOWHE OT IIOKa3aTeIsl MOTIOIICHHS.

Puc. 7 niurocTpupyeT paHKUpOBaHHbBIN OTHOCH-
TENBHBIN BKIIAJ PA3IMIHBIX TEKCTYPHBIX IPU3HAKOB B
KiIaccu(UKaLI0 HOBooOpasoBaHui. Puc. 8 wimo-
CTpPUPYET BKJIAJ KKIOW TPYMIBI TEKCTYPHBIX MPH-
3HaKkoB. [lpu 3TOM BKJIam IMpU3HAKA BHYTPH TPYIIIIHI
HOPMaJIM30BaH Ha BKJIaJ IPYMIII B LIETOM.

Kak MOXHO yBUAETh U3 pUC. 7, TOIN-8 MPU3HAKOB
BKIIOYar0T 06a npusHaka MCII u npusHaku Tamypa,
a TaKKe TPU U3 4YeThIpex (pakTalbHbIX. Briax atux
8 mpusHakoB cocraBiser 69.7 %. OcraBummecs 34
natoT 30.3 %. C apyro#t CTOpOHbI, Kax/1asi TEKCTypHas
TpyIIa COACPKUT Pa3HOE KOINIESCTBO IPHU3HAKOB.
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Puc. 7. 3HaunMoCTh Pas3IMYHBIX TEKCTYPHBIX IIPU3HAKOB

Fig. 7. The significancy of the texture features

ITpusnaku ['abopa mokazany HaAMXYIIIUNA PE3YNbTar,
UHPOPMATUBHOCTh HE mpeBbicwiIa 6.3 %. D10 moa-
TBEPXKIACT MPEBOCXOACTBO CTOXACTHYECKHIX TEKCTYp-
HBIX MIPU3HAKOB HAJl YaCTOTHEIMU [42].

Takum 00pa3oM, TEKCTYpPHBIH aHAIU3 JIepMaTo-
cxonmueckux 2D-m3o0paxkennit 1 OKT 3D-m306pa-
JKEHH B COCTaBe CHUCTEM JIMArHOCTHKH 3JI0Kaye-
CTBEHHBIX HOBOOOPA30BaHUN BBIIVISIUT BECbMa MHO-
roo6emtaromie. B Oynymiem, B ciaydae yCHENHOIo 1o-
BTOpPEHUA Ha OOJIbIIEH BRIOOPKE, STH MOAXOIBI MOTYT
OBITh WCIOJNB30BAHBI JUIA in VIvo W J1a00paTopHOTO
ex Vivo WCCICIOBaHUM KOKHBIX HOBOOOpPAa30BaHHM
TIPY OTPEICICHUH THIIA OITYXOJIH.

FA 18.6 %

Gabor 6.3 %
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Fig. 8. Charts of the normalized contribution of feature groups in tumor recognition
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AnnapaTHoe obecrieveHre CUCTEMbI AJ11 SKOOMNYECKOM ANarHoCTMKU
3arpsisHeHVs1 aTMocpepHOro Bo3gyxa
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Benopycckas rocygapcrBeHHas akajeMns CBAsu,
MuHck, Pecnybnuvka benapycb
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AHHOTaUuA
BBegeHue. MNMokasaHa CyLLeCcTBYHOLLAA HayYHO-TeXHMYecKkas npobiema, 3akao4aroLasca B TOM, YTO, C O4HOM
CTOPOHbI, B COOTBETCTBUW C 3aKOHOAATeNbCTBOM U MeXAYHapOAHbIMW 06513aTenbCTBaMu (HanpuMep, @ paMkax
OpxyccKoli KOHBEHLMMN) HaceNeHe MOXeT 3amnpaluvBaTtb AaHHble 06 akTyaslbHOM COCTOSAHUM OKpPYXKatoLLei
cpefpl, a C ApYron - CyLlecTByloLMe Ha CerogHALIHNI AeHb CUCTeMbl MOHUTOPUHIA He B COCTOSIHNM CBOeBpe-
MeHHO obecneynTb UX NpejocTasneHye. NpuseseHbl pesynbTaThl UCCNeL0BaHUIA NO BbIGOPY 1 06OCHOBaHMIO
[ATUMKOB 3arpsi3HEHHOCTM aTMOCEepPHOro BO3AyXa, AaBNeHUS, TeMnepaTypbl M BAAXHOCTA.
Lenb paboTbl. [NaBHas Lienb NpoBeAeHUs ONMCaHHbIX UCCef0BaHWIA - pa3paboTka annapaTHoOro obecneyeHns
3KOM0MMY€ecKoro MOHUTOPUHIa 3arpA3HeHHOCTN aTMOCPEepHOro Bo3gyxa 1 ero anpobaums npu Belbope onTu-
MafibHOro 6e30MacHOro MapLUpyTa ABUXKEHNUS OAeN.
Matepuansl U MeTOAbl. Ana nepejayn faHHbIX BblbpaH MoZynb 6ecnpoBoAHOl cBs3n GSM; ana onpegeneHns
MecTornonoxeHus — GPRS. AnnapaTHoe obecrneyeHne c1ucTeMbl CTPOUTCA Ha 6ase MyKpokoMmbioTepa Arduino Nano,
K KOTOPOMY MOAKNHOYATCA yKa3aHHble AaTHMKK. MiccnegoBaHns NpoBejeHbl B . MuHcke (Pecnybnivika benapychb).
PesynbTathbl. PazpaboTaHHOe annapaTHoe obecneyeHme 06 beAMHNI0 AaTUNKMN 3arpsA3HEHNS BO34yXa, BNAXHOCTY,
TemnepaTtypbl ¢ MoaynamMm GSM 1 GPRS Ha 6a3e MUKPOKOMMbOTEpPa, YTO MO3BOJIN/I0 UCM0/Ib30BaTh ero Kak cTa-
LMOHAPHO, Tak 1 C 6eCnMAOTHbIM NeTaTeslbHbIM annapaTtoM (APOHOM) M OCYLLEeCTBAATb MOOUIbHbIA MOHUTO-
PVIHT.
MNepesaBaeMble NMPUBOPOM JaHHble 06PaAbATLIBAKOTCA C Lenbi MOCTPOEHWS KapT 3arps3HeHHOCTM aTmocdep-
HOro Bo3Aayxa. [lns 3Toro Ha KapTy HaHOCATCA Habopbl ToUek, MOAyYeHHble MHTEPNOoAALMEeRn No MeToay ANHEeR-
HbIX YyCPeAHEeHU COCeAHMX 3HaYeHWA. 3HaYeHNs 3arps3HeHNs 0TOBpaxaroTCa Ha KapTe LIBETOBbIM KOANPOBa-
HUEM.
3akntoueHue. Monyvaemble TakMM 06pa3oM KapTbl MOTYT UCMO/b30BaTbCA, HaNpumep, AN Bblbopa onTManb-
HOro MapLupyTa ABUXEHUSA NtoAel B ropoje C TOUKM 3peHUs MUHVMM3aLMM He6NaronpuaTHOro BO34eCcTBumsA
3arps3HeHns Ha 3//0POBbe HaceNeHNs 1 B Ype3BblYaliHbIX CUTYaLMAX TeXHOreHHbIX aBapuii. Ha MOMeHT co3ga-
HUS NPeA/IoXKeHHOe peLleHne He MMeeT aHanoros.

KntoueBble C10Ba: 3Kkonornyeckast AMarHoCTKa, MOHUTOPUHT OKpY>KatoLLei cpeabl, AaTUMKIN 3arpsi3HEHHOCTY,
annapaTHoe obecreyeHye, KapTbl YPOBHS 3arpPsi3HEHHOCTY
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Hardware System for Environmental Diagnosis of Air Pollution

Victor A. Rybak®, Olga P. Ryabychina
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Minsk, Republic of Belarus
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Abstract
Introduction. The existing scientific and technical problem was shown that, on the one hand, in accordance with
legislation and international obligations (for example, under the Aarhus Convention), the population can request
data on the current state of the environment, and on the other, monitoring systems existing today unable to
timely ensure their provision. The paper presents the results of studies on selection and justification of sensors
for air pollution, pressure, temperature and humidity.
Aim. The development of hardware for environmental monitoring of atmospheric air pollution and its testing
when choosing the optimal safe route for people to move.
Materials and methods. For data transmission, the GSM wireless module was selected; to determine the location —
GPRS. Hardware system was based on the Arduino Nano microcomputer, to which these sensors were con-
nected. Studies were conducted in Minsk, Republic of Belarus.
Results. The developed hardware combined air pollution, humidity, temperature sensors with GSM and GPRS
modules was based on a microcomputer, which allowed it to be used both stationary and with an unmanned
aerial vehicle (drone), and to carry out mobile monitoring.
The data transmitted by the device were processed in order to build maps of air pollution. For this, sets of points
gained by interpolation by the method of linear averaging of neighboring values were plotted on the map. Pollu-
tion values were displayed on the map by color coding.
Conclusion. The maps thus gained can be used, for example, to select an optimal route for people to move in the
city from the point of view of minimizing the adverse effects of pollution on human health and in technological
emergencies. At the time of development, the proposed solution has no analogs.

Keywords: environmental diagnostics, environmental monitoring, pollution sensors, hardware, maps of pollution
levels
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BBenenne. Ha coBpeMEHHOM »Tame pa3BUTHUSA
HaIIero oomecTBa MpoOIeMbl OXpaHbl OKPYKAOIICH
CpEJIbI CTAaHOBATCS Bee Oosiee aKTyaaIbHBIMH. JTO CBS-
3aHO KaK C TNIOOAJIbHBIMH TPOIECCAMU HM3MCHCHHS
KJIMMara Ha IJIaHeTe, TaK U C JJOKAJIbHBIMU 3arpsa3He-
HUSMH, OKa3bIBAIOIIMMHU HEOIArONpHUsATHOE BO3ICH-
CTBHE Ha 3710pPOBbE HACEICHHUS.

AHTPOIIOIIEHTPHUYESCKUH ITOXO]] K PACCMOTPEHHIO
JAHHOW TPOOJIEMBI, KOTA JIFOACH MPEKIe BCErO MH-
TEPECYIOT BOMPOCHI UX KU3HEOOECTICUCHHUSI, 00YCIIOB-
JUBaeT HEOOXOOUMOCTb UMETh OIIEPATHBHYIO U TOY-
HyI0 HH(pOpManuio 00 HKOJOTHMYECKOH 0OCTaHOBKE.

BwmecTe ¢ Tem Ha cerogHsmHUM AeHb U B Poccun, u
B benmapycu oTCyTCTBYIOT CHCTEMBI MOHHUTOPHHIA,
MO3BOJISIIOINNE TIONy4aTh TpeOyeMble TaHHBIE O 3a-
TPSI3HEHHOCTH B PEKUME PEAIbHOTO BPEMEHHU.

Ha puc. 1, Hanpumep, npuBoAATCS IaHHBIE HE-
koMMepdeckoro ipoekTa the World Air Quality Index
(WAQI) [1]. Ero nenbto siBnsieTcst foHeceHue HHpop-
BO3IyXa
JI0 JKUTEJICH TOpoIoB U (OPMHUPOBAHKE SIHHOM BCE-

Malluu 00 OMaCHOCTU  3arpsA3HCHUSA
MI/IpHOI\/’I H.]'IaT(I)OpMBI C aKTyaJIbHbIMU JaHHBIMH O 3a-
TPA3SHCHHUU BO3aYyXa. B IMPOCKTC HUCIOJIB3YIOTCS daH-

HBIE ¢ 6o7iee yeM 11 ThIcSY cTaHINi, PacIIOI0KEHHBIX
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6ouee yeM B 88 cTpaHax. JlaHHBIe Ha caiiTe mpencTaB-
JICHBI B BHJIC WHJIEKCA 3arpsS3HEHUS 110 KOHKPETHBIM
To4YKaM (Tropoziam), ¢ IEpHOANIECKAM OOHOBIICHHEM —
B OCHOBHOM pa3 B 4ac. CoOuparoTcsi JaHHbBIE O 3a-
I'PS3HEHUU TBEPIBIMU YaCTHUIAMHU — (QPAKIHSIMHU 10
10 u 2.5 MxM (He 1151 BCeX TopozioB) [2].

TakuM 00pa3oM, CyIIEeCTBYeT Hay4HO-TEXHHYE-
CKas MmpoOJjeMa: ¢ OJHOM CTOPOHBI, €CTh HEOOXOIH-
MOCTb Hpe}lOCTaBHeHI/Iﬂ OHepaTI/IBHI)IX JAaHHBIX O 3a-
TPA3HEHHOCTH OKPYXKAaIOIEH Cpeabl HaceleHUIo,
AMEIONIEMY TTPaBO B COOTBETCTBUU C MEXKIYHApPOI-
HBIMH KOHBEHIIMSIMU TpeOOBaTh MOJA0OHbIE JJAHHBIE, C
JPYrod — HET COOTBETCTBYIOIIMX CHCTEM W HOpMa-
THUBHOTO peryaupoBanus. [IoaToMy B HacTos1Iel cTa-
The ONHKCaHa pa3paboTKa ammapaTHO-IPOTrPAMMHOTO
KOMITIeKca (mpuoopa) I 3KOJIOTHIECKOTO MOHHUTO-
pHHTa 3arpsI3HEHHOCTH aTMOC(EPHOTo BO3IyXa U €0
anpoOaIus Mpy BIOOPE ONTHMAIBLHOTO 0€30IacHOTO
MapIpyTa IBUKESHHUS JIIOICH.

Metonbl ucciaenoBanusi. J{ns oOHapyXeHUs
TOKCHYHBIX Ta30B B OKpPYXAIOIIeH cpelie UCIOb3y-
IOTCS ceuanbHble naTuuky. Ha ceromHsamHui 1eHb
CyIIECTBYET OOJIBIIIOE KOJUYECTBO MPOU3BOIUTENCH
JIATYMKOB TOKCHYHBLIX I'a30B M ra30aHAJIMTHUECKOTO

obopynoBanus. Haubonee HU3BECTHBI CIEAYIOIINE
TIPOM3BOAUTEIH U TIOCTABIIUKH TATYMKOB TOKCHYHBIX
ra3oB JiJIsl MHOTHX CTAI[HOHAPHBIX U MEPEHOCHBIX r'a-
3oanamm3atopoB: Nemoto & Co. Ltd (Smonms),
Alphasense (Benukobpuranus), Membrapor (LLIBeii-
napusi), Dynament (BemuxoOpuranms), SmartGAS
Mikrosensorik (I'epmanus), OOO «I[Ipommpudop-P»
(Poccus) u ap. [3].

B xome mpoBeneHHBIX UCCIENOBAHUI MpOaHaI-
S3UPOBAHbl HOATYHUKH 3arpA3HAOMINX BEIIECTB II0
MPUHIMITY PabOTHI, TUANIa30Hy U3MEPEHHH, BpEMEHU
OTKJIMKA, 3HAYCHUIO TCPCHACHIIICHHUS [TaTYhKa U
CpOKy cayxObI [4]. OmeHka DaTYWKOB 3arps3HSIO-
IIEr0 BEIIECTBA OKCHA YIVIepona IpPEACTaBICHA B
Tabm. 1.

Pesyabrarsl. 13 a6, 1 MOXKHO BUIETD, YTO 3HA-
YCHUS OJHUX U TEX XKE MapaMCTPOB PA3JINYHbI JJId
Pa3HBIX IPOU3BOIUTEINICH U IO KaXIOMY U3 ITapaMeT-
POB HAWITYYIIUC 3HAYCHUSA MMCIOT JAaTYUKK PA3HBIX
npom3BoxuTene. [IpeanouTurensHee BRIIISIAT qat-
yuku Hanwei Electronics Co. Ltd co cpokom ciry»x0b1
ooiee 60 wMmec.,
10...20 ppm u npuemiieMblM BpPEMEHEM OTKIIMKa —

JIydliuM JUara3oHOM I/I3MepeHI/Iﬁ

menble 60 c.
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Tabruya 1. JlaTauky 3arps3HAIONIETo BemiecTBa okcuna yriaepoaa (CO)

Table 1. The sensors for the pollutants carbon monoxide (CO)

3HaueHue
Junanazon Bpewms oTkiuka,
[Mpunnun padoTsl [TpousBogurens | Hazpanue nardnka . MEPEHACHIEHUS
M3MEepeHHH, ppm He Oonee, ¢
JaT4yyKa, ppm
CO/SF-1000 1000 <40 2000
Membrapor CO/S-1000 1000 <35 2000
CO/SF-4000-S 4000 <40 20000
CO-D4 1000 <25 2000
Alphasense CO-CX 2000 <40 4000
DIEKTPOXUMUIECKUI CO-CE 10 000 <75 100 000
NT-CO 1000 <30 2000
Nemoto & Co. Ltd NT-CO-2F 1000 <30 2000
NAP-505-SS 1000 <30 2000
Hanwei Electronics MQ7 10 <60 10 000
Co. Ltd MQ-9 20 <60 20 000

BrImonHeHHBIE MCCIICIOBAHUS TIO3BOJIMIN  BBI-
SIBUTH JTYYIIHE JATYNKU IS APYTUX TMPUOPHUTETHBIX
3arpsisHUTENCH aTMocdepHoro Bo3ayxa [5]:

— JIMOKCH/Ia yriieposia — HHPpaKpacHbIE AaTYNKH
npousBoautenss Winsen MH-Z19B co cpokom
cIyxObl Oomee 60 Mec., OUara30HOM HM3MEPCHHH
0-0.5 % ppm u BpemeHeM oTKJInKa MeHee 60 c;

— okcuna azota — aardnk NO-A1 mponsBoacTBa
Alphasense co cpokom ciryx0bl Oonee 24 Mmec., nua-
na3oHoM m3MepeHuid 250 ppm u BpeMEeHEeM OTKJIMKa
Mmenee 45 c;

— quokcuza azora — gardyuk NO»-Al nmpousBoau-
Tenst Alphasense co cpokoM city»0b1 Ooee 24 Mec., Tna-
ma3oHoM n3Mepenuit 20 ppm, BpeMeHeM OTKIIUKa Me-
Hee 50 c;

— nuokcuna cepbl — natunk ME3-SO» npousso-
mutenss Winsen co cpokoM CiTyxObl Oornee 24 Mmec.,
JquanazoHoM u3aMepeHuit 20 ppm W BpeMeHEM OT-
Kkiauka He 6oiee 30 c;

— ¢opmanpaeruna — narauk ME3-CH>O npousso-
quterst Winsen co CpoKoM CITy»O0bI Oornee 24 mec., Tia-
ma3oHoM u3MepeHuit 10 ppm u BpeMeHeM OTKIINKa He
6oiee 90 c.

[TpoBeaem 0630p MHOTOKOMITOHEHTHBIX ra30aHa-
JMU3aTOPOB MOHHUTOPWHTA aTMOC(hEepHOro BO3IyXa
Pa3NAYHBIX MIPOM3BOAUTENCH M TEXHHUCCKUX XapaK-
TEPUCTHUK, PEKOMCHAOBAHHBIX JIsI MPOBECACHUSA 3KO-
JIOTUYECKHUX U3MepeHuii (Tabm. 2).

Kak BumHO M3 TaOIl. 2, BEITyCKaeMBIC MPOMBIII-
JICHHOCTBIO Ta30aHATU3ATOPEI LIS ONPEIEIICHIS KOH-
LICHTpaLlMY BPEAHBIX BEIIECTB B BO3YXE U IIPOBELE-
HUSl 9KOJIOTUYECKOTO MOHUTOPHHIA Pa3zHOOOpa3HbI.
[Ipexnme Bcero 3To CBsI3aHO o crenu(UKOH razoana-
JTUTAYECKON TEXHUKH U MHOTOOOpa3ueM aHAIN3UPY-
€MBIX Ta30BBIX CMeced B Ppas3IMYHbIX TIPOU3BOMI-

CTBax, pa3dpocoM MAMANa30HOB KOHIIEHTpAIMi OT-
IEeNBHBIX KOMITOHEHTOB, Pa3HOOOpa3weM YCIOBHI
MPOBEICHUS aHAIN3a ITI0 TEMIIepaType, MABJIICHUIO,
BJIIAXXHOCTH, CKOPOCTH MOTOKOB Ta30BBIX CMECEil.

IIpencraBnenHele B Tabn. 2 ra3oaHaIu3aTOPEI
UMEIOT CIIeAYIOIINe IPEUMYIIeCTBa:

— 0OJBIIOE KOMWYIECTBO ra30B, KOHIICHTPALHUS KO-
TOPBIX OINIPEHEISIETCS KaXXIIbIM IIPHOOPOM;

— TIOHATHBIN U YAOOHBIN HHTEpeiic A1 oToOpa-
JKeHVsI HHOPMAIIHH;

— KpENKUM KOpILyC YCTPOMCTBA, YTO I03BOJIIET
€My COXpaHATh PabOTOCHOCOOHOCTh MPH BHEIIHEH
nedopmaruy.

OpHaKo TOMHMO TIPEUMYIIESCTB yKa3aHHEIE
yCTpOﬁCTBa HMCIOT 3HAYUTCIBbHBIC HEJOCTATKHU:

— OTCYTCTBHE BO3MOXHOCTH XPaHEHUS H3MEPEH-
HBIX PE3YJIBTaTOB;

— CHCTEMa MCYUCIICHHUS KOHIIEHTPAIMX Tra3oB He
COOTHECEHA C HOPMaMHU IIPEeT-HO JOMYCTUMON KOH-
HOCHTpAaluH, YTO 3aTPyAHSACT aHaJIu3 MOJJYYCHHBIX
JAHHBIX;

— HET BO3MOYKHOCTH TTOJKITIOYEHISI K IePCOHAITB-
HOMY KOMITBIOTEPY JAJIS aHaJM3a, XpaHeHUs U 0ToOpa-
JKCHHS MOTYYCHHBIX JaHHBIX;

— JIOPOTOBH3HA 00OPYIOBAHUSL.

B 1mienmoM oCHOBHBIME MTOKA3aTeISIMHU LTS BEIOOpa
JaT4YrKa, HanOoJlee IPUTOTHOTO K HCIONB30BAHUIO B
TOPOJICKOH Cpefe C IIETbI0 MOCTOSHHOTO MOHMTO-
pHHIa CTENIEHU 3aTrPsI3HEHUS BO3/1yXa, SIBJISIOTCS BO3-
MOXKHOCTb KOMIUIEKCHOTO HCCIEIOBaHUS 3arpssHe-
HUSI aTMOC(EPHOTO BO3IyXa, CPOK CITYKOBI M TOCTYTI-
HOCTH CEPBHCHOTO 00CITY)KHBaHUS JaTIYNKOB.

[Tpu BEIOOpE TIAaTHOPMEI ST pa3pabOTKH aria-
paTHOﬁ YaCcTH CUCTEMbl MOHUTOPUHIA 3arpsA3HCHHUA
arMoc(epHOTO BO3yXa OCHOBHEIMH (haKTOPAMH CITy-
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Tabnuya 2. O630p Ta30aHANN3ATOPOB VI ATMOC(HEPHOTO MOHUTOPHHTA

Table 2. Overview of gas analyzers for atmospheric monitoring

OpueHTH- Cpok
IIpunumn HazBanune o
[Ipoussoaurens Ienesoii ra3 poBOuYHas cityx0Bbl,
paboThI razoaHamzaTopa
CTOMMOCTb, P. Mec.
Winsen, Kuraii ZE12 CO, H3S, NO2, SO», O3 450 12
00O "TIpommpucop-P", PO | CUTMA-03.13 CO, CH20, NO2, O3 1280 12
DrekTpo- ®I'VII CIIO "Ananut- AHKAT-7631 | CO, Cl2, NHz, NO2, SOz, O2, 560 36
XHMITIECKIT npubop”, PO Mukpo H2S
Winsen, Kurai ZE03 <o, SOZvHNﬂHpa' H2S, Oz 420 12
AO "TocHUMxnmananut", AHT-3M CO, HzS, NO2, SOz, O3, NHs, 1050 24
PO H2S u mp.
MRU GmbH, Tepmanns oPTIMA7 |02 CO; ngé NCOI—’| NOz SOz | 3450 24
25, CH4
OnexTpo- -
XUMHUYECKHH 1 MRU GmbH, I'epmanust Xijr[l;;z'lil;? 0, CO’S(S)Z’C'\ILO’ NOz, SOz, 11500 24
MH(ppPaKpaCHBII 25, CHa, Ha
Ecotech, Ascrpanus Cepust Serinus 55 Oa;Sc(;S;TCROSZ,;%\]SO:’H’\éH& 4790 24
®APMDK, PB DI134 CHa, CaHs, CO, CO2, Oz, 508 120
DneKTpo- H2S
XAMIeCkt Testo, ['epmanust Testo 350 CO, NO, NOz, SOz, CO2, 4487 72
CxHy n HoS

’KaT CTOMMOCTb IUIaThl (MUKPOKOMIIBIOTEPA), €€ KOM-
TUIEKTalus U ynoOcTBO paszpabotku. Ha ocHoBanum
MPOAHATM3UPOBAHHBIX JaHHBIX ONTHMAIBHOHN IUIAT-
¢dopmoit saBastercst Arduino Nano [6]. Muxkpo-
koHTposiep Arduino Nano obnanaeT coOOCTBEHHBIM
MPOIIECCOPOM W TIaMATHIO, CHA0XEH MHOXECTBOM
BBOJIOB M BBIBOJIOB, K KOTOPBIM MOT'YT OBITh OAKIIIO-
YCHBI PA3INIHBIC JATINKH, 8 TAKXKE UCTIOTHUTEILHBIE
YCTPOHCTBA U MEXaHU3MBI. BakHO OTMETHTB, UTO BEI-
OpanHas miatdopMa aJanTHBHA K Pa3IMIHBIM MOAY-
JSIM, PACIIUPSIONIAM €€ BO3MOKHOCTH B COOTBET-
CTBUH C HEOOXOTUMBIMHU TpeOoBaHMSIMH [7].

Kpome paccMOTpeHHBIX paHee AaT4MKOB 3arpsis-
HEHHOCTH aTMOC(EPHOTO BO3IyXa B CHCTEMY TakKe
MOMKITIOYECHBl JTATYMKH JaBICHUSI, TEMIIEpaTypsl U
BaxxHoctH. Ilepenaua JaHHBIX OT pa3pabOTaHHOTO
mprbopa OCYIIECTBISICTCS TOCPSICTBOM YeThIPEXIra-
nasoHHoro GSM/GPRS-monyns Shield. st otcnexu-
BaHMSI MECTOIONIOXKEHUSI M OTOOpaKEHHsl JIAHHBIX Ha
Kapte ucnons3oBad GPS-npuemuank GY-NEO6MV2.

Pabora ammapaTHO-IpOTpaMMHOTO KOMILIEKCA
OIKMCHIBACTCS CJIEAYIOIIMMH OCHOBHBIMH IlIAraMu:
BBUICT OECIMIIOTHOTO JICTATeNBHOTO ammapara IIo
TPaeKTOPHH, BKITIOUAIONIEH Hanboee 3arps3HeHHbIC
(unmm oxuIaeMble) TOUKH; COOp TaHHBIX OT JaTYUKOB
U Iepeaya CUrHajla IO KaHallaM CBSI3H Ha CEpBep;

AnnapaTnoe o0ecrneyeHne CUCTEMBbI IJISI IKOJOTHYEeCKOH THATHOCTHKHI

3arpsi3HeHUst ATMOC(EPHOro BO3ayxa

00paboTKa TaHHBIX U IOCTPOCHUE KapT 3arPsI3HEHHO-
CTH; CO3/IaHHE NMPOTHO3HBIX KApPT C YUYETOM CHJIBI U
HaIlpaBJICHUS BETpa.

Co3naHHBIH TPHOOP MOJKET yCTaHABIMBATHCS KaK
CTallMOHAPHO, TaK U IepeMeIlaThcs IPU TOMOIIH
0ecnmIIOTHBIX JIeTAaTeNFHBIX ammaparoB. Bo Bropom
ClTyJae TOJTy9aeTcsi BOSMOKHOCTH MOOHMIIBHOM 3KOJI0-
TUYECKOW AMAarHOCTUKU Ha OOIIMPHBIX TEPPUTOPUIX.
HonyqaeMLIe OT JaTYMKOB JAHHBIC O 3arpsI3HCHHOCTHU
arMoc(hepHOTo BO3TyXa IEePEBONATCA B MHTET PATTbHBIN
TIOKa3aTellb 3arpsi3HEHHs] BO3/TyXa, MHTEPHOINPYIOTCS
T10 IPUHIHUITY JIMHEHHOTO CIVIAYKMBAHUS M HAHOCSTCS Ha
Kapty (puc. 2).

ITomywgaemble TakuM 00pa3oM JaHHBIE OTIMYa-
I0TCS ONIEPaTHBHOCTBHIO, & TOCTPOSHHBIE KAPTHI MOTYT
OBITH MCIOJB30BaHBI B TOM YHCIIE JJIs1 HAXOXIACHUA
HanOosee ONTHMaJIbHOTO MapIIpyTa JBWKEHUS JTIO-
Jel ¢ TOYKH 3PeHHS MHHHMH3AIMN HEOIarompusT-
HOTO BO3JIEUCTBHUS OKpYKaromieu cpeast [§].

3akiouenune. B pesynsrare mpoBeEeHHOTO HC-
CIIEZIOBAHUS MOIYYEHBb! CIEYIOIIUE OCHOBHBIE pe-
3yIIBTaTHI:

1. IIpoBeneH aHATUTHYECKUIT 0030p U OCYILIECTB-
JieH BBIOOp JATYMKOB JUJISI DKOJIOTUYECKOHM JHarHo-
CTHKH 3arpsi3HEHHUs aTMOC(EpHOTo BO3ayXa.
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Puc. 2. TIpumep mocTpOeHHUs KapThl 3arpsI3BHEHHOCTH BO3AyXa Ha nmpuMmepe MUHCKa

Fig. 2. An example of building of air pollution map on the example of Minsk

2. BeinonHeH BEIOOP MUKPOKOMIIBIOTEPA U OCY-
IIeCTBJIEHA pa3paboTKa Ha ero 0CHOBE Mpudopa Mo-
OWJIBHOM SKOJIOTUYECKOW TUAarHOCTUKH [9].

3. PaspaboTtaHo mporpamMMHOe oOecredcHue
JUTSI TIOCTPOCHUS KapT 3arpsi3HEHHOCTH aTMocdep-
HOTO BO3IyXa B pEXUME PeabHOTO BPEMEHH.

4. IlpennoxeHa u MPOTPAaMMHO peann3oBaHa

MOACIb TMPOTHO3UPOBAHUA 3arpA3HEHHS aTMO-

cepHOTo BO3yXa C YUYETOM CHJIbI U HAllpaBICHHS
BETpA.

5. Pa3paboTaHHBIH anmapaTHO-TIPOTrpaMMHBINA
KOMIIJIEKC ampoOMpOBaH B pealbHBIX TOPOICKUX
YCIOBHSX JJIS BBIOOpA ONTHMAJIBLHOTO MapuipyTa
JNBY)KCHUS JIFOJICH C y4eToM HeOJarompusTHOIO
BO3JICHCTBUS 3arpsi3HEHUs Ha UX 310poBke [10].
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YKa3aHUsI BCEX aBTOPOB, OTHOCSIINXCS K OTHOM OpraHHU3alliH, TaeTCsl ee HAaMMEHOBAaHUE, 3aTeM IIPHBOIUTCS
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Ha3Banue cTaTbH J0DKHO OBITH MH(GOPMATUBHBIM, C HCIIOJIb30BAaHUEM OCHOBHBIX TEPMHHOB, XapaKTEPHU3YHOLIHX
TEMY CTaTbU, U YETKO OTPaXkaTh €€ COJAep)KaHHe B HECKOJBKHX CJIOBaX. XOpouio copMyaHpOBaHHOE Ha3BaHUE —
rapaHTHs TOTO, YTO paboTa MPHBJIEUET YUTATENbCKUI MHTepec. ClesyeT MOMHHTh, YTO Ha3BaHHE pabOoThl IPOUTYT
ropaszio Oolblie JIfo/iel, 4eM €€ OCHOBHYIO YacTh.

ABTOpPCTBO U MECTO B IEpPEYHE aBTOPOB OIpPEENIeTCs JOTOBOPEHHOCTBIO nocieaHux. [Ipu mpuMepHo paBHOM
ABTOPCKOM BKJIaJle PEKOMEHyeTCs ali(paBUTHBIN TOPSAOK.

AHHOTaIUS TIPEICTABIAET COO0I KpaTKoe ONMCAHWE COAEPKAHUS M3JIOKEHHOro Tekcra. OHa JOMKHA OTpaXaTh
aKTyaJbHOCTb, IIOCTAHOBKY 3a/aud, IIyTH €€ pEHICHUs, (aKTUYECKH IIOMy4YEeHHbIE pPE3YIbTaThl M BBIBOJBI.
CozeprxaHue aHHOTAIMK PEKOMEH/IyeTCs IPEICTABUTh B CTPYKTYPUPOBAHHON (opMe:

Beenenue. [IpuBoauTcs obliee onucaHue UCCIEAYeMON 00IacTH, SBICHH. AHHOTALUIO HE CIIeNyeT HAYHHATh
cnoBamu «Crarhsi MmoOcCBsleHa...», «llenb Hacrosimeil cTarhW...», TaKk Kak BHa4aje HaJ0 MOKa3aTh
HEOOXOIMMOCTh JaHHOTO HCCIEOBAHUS B CHIIy MpoOelia B HAYYHOM 3HAHHH, IMOYEMY M 3a4eM HPOBEICHO
uccie0Banne (OMUcaTh KPaTko).

Hean pa6Gorbl. IlocranoBka menu wucciegoBanus (Ieb MOXET ObITh 3aMEHEHA THUIOTE30W WU
UCCIIE0BATENHCKUMH BOTIPOCAMH).

MaTepPla.]IbI H METOAbI. O06o3HaueHHE HCHOHLSyeMOﬁ METOAOJIOTHUH, METOAOB, NPOLUCAYPHI, I'1€, KAaK, KOrAa
MMPOBEACHO UCCIICTOBAHUE U TIP.

PesyabTarbl. OCHOBHBIE pe3yNIbTaThl (IPUBOMATCS KPATKO C YIOPOM Ha CaMble 3HAUUMBIE W TIPUBJICKATEIbHBIE
JUTSL YMTATENIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3axiawuenune). ConocrapieHne ¢ IPyrUMH UCCIIEAOBaHUSIMY, ONTMCAHNE BKJIaJa UCCIIEA0BaHMUS
B HayKy.

B AHHOTAalluM HE CJICAYCT YINOMHHATHL HCTOYHUKH, HCIIOJIB30BAHHBIC B pa60Te, MEPECKA3bIBATh COACPIKAHUC
OTACJIBHBIX pa3aciioB.

HpI/I HallMCaHWUH aHHOTAaluH HCO6XOI[I/IMO CO6J'IIOI[8.TB OCOOBINM CTUIIL M3JIOXKEHUS: U30erarh JJIMHHBIX U CJIO0XXHBIX
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TekeT cTraThbu M3TaraeTcs B ONPEACICHHOW MOCIEIOBATENFHOCTH. PexkoMeHayeTcs: NpuaepXuBaThcs (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenne, Metonst, Pesymsrarsl, O0cyxaeHue):

BBenenue. Bo BBeneHUH aBTOP 3HAKOMUT C IPEIMETOM, 3ala4aMH M COCTOSHHEM HCCIICIOBaHHUHN 10 TeMe
MyOMUKaIMK; TTPH 3TOM HEOOXOTMMO 00s3aTeTHHO CCHIIATHCS HAa MCTOYHUKH, U3 KOTOPHIX OepeTrcs MH(OpPMAITH.
ABTOp TIPHBOIUT OMHCaHHE "OENBIX IATEH" B MpOOJIEeMe WM TOTO, YTO eIlle He CHeNaHO, M (GOPMYIHPYeT LEeNHd U
3aJ1a4u MCCIIeIOBAHMS.

B TexcTe MoryT ObITH IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadckumu Iudpamu. B cHockax MoryT ObITh
pa3MeIneHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTepHeTa, cCchutkn Ha yaeOHukH, yuebnsie mocodms, [OCTHl,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JIMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImrcarb TEOPCTUYCCKUEC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie uT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIICNOBAHNA uenec006pa:sH0 OIMCBIBATH B TOM CJIy4da€, €CJIM OHNU OTIIMYAr0TC HOBH3HOI.

Hayunas cTaTest 10JKHA 0TOOpaXkaTh HE TONBKO BRIOPAHHBIN MHCTPYMEHTAPUH U MOIYYEHHbIEC PE3yNbTaThl, HO U
JIOTHKY CaMOTO HCCIEAOBAHUS WIHM IIOCJIENOBAaTEIbHOCTh PACCYXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHYecKre BeIBOABI. [10 pe3ynbTaraM SKCIIEpUMEHTAIbHBIX HCCIIENOBAHUN IeIecO00pa3Ho OMHcaTh CTAIUN U
3Tansl SKCIEPUMEHTOB.

PesyabraThl. B 3TOM pa3smene mpencTaBiieHBI 3KCIIEPUMEHTAIbHBIC WIM TCOPETUYCCKHE JIaHHbIC,
MOJIYYCHHBIC B XOJIC MCCIICIAOBaHMs. Pe3ynbTaTsl Aal0TCs B 00pabOTAaHHOM BapuaHTE: B BHUIC TaOIUIl, TpaduKOB,
JaMarpaMM, ypaBHeHHH, (ororpadwuii, pucyHkoB. B 3TOM pasziene HpUBOAATCS ToibKo (aktel. B omucanum
MOJIYYCHHBIX PE3YJIbTaTOB HE TOJDKHO OBITh HUKAKUX MOSCHEHHUI — OHM Jat0TCs B paszene «O0Cyx aecHue.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTyYEHHBIE
pE3yAbTaTbl B COOTBCTCTBHUU C IIOCTABJIICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YyJBTaTOB C pe3yJbTaTaMu APYTrux aBTOpoB. HeoOXoauMo mokaszarh, YTO CTaThs pellaeT HaydHYIO
npoOJieMy WITH CITYKHUT NPUPAIIESHHUIO HOBOTO 3HaHHs. MO)KHO OOBSCHATH NONTYy4YSHHBIE PE3YJIBTAaThl HA OCHOBE CBOETO
ombiTa ¥ 0a30BBIX 3HAHW, NMPUBOAS HECKOJIBKO BO3MOXKHBIX OOBSICHEHHWIl. 3[€Ch M3JIaraloTcsl MPEIOKEHHS I10
HalnpapJICHHUIO OYIYILHX UCCIICIOBAHUH.

Cnncok guteparypsbl (Oubnuorpadguyeckuii CUCOK) COACPKUT CBEACHHS O LIUTUPYEMOM, PaCCMaTpUBACMOM HJIH
YIOMHMHAaeMOM B TEKCTE€ CTaThH JIUTEPATYpHOM HCTOYHHKE. B CHMCOK JHTepaTypsl BKIIOYAIOTCS TOJBKO
pelLieH31pyeMble HCTOUHHUKH (CTaTh U3 HAYYHBIX KYPHAJIOB U MOHOTpadun).

Cnmcok JuTeparypsl ODKEH MMETh HE MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHINIOs3bIYHbIe u3naHus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIVIOS3BIYHBIX UCTOYHUKOB).

Cchuiku Ha HeOHy6J'II/IKOBaHHLIC U HETUPAKUPOBAHHBIC pa6OTBI HE JOITYyCKaroTCs. He JAOITYCKArOTCA CCBUJIKM Ha
y‘IC6HI/IKI/I, y‘I€6HLI€ HOCO6I/I}I, CIIPABOYHHKH, CJIOBApH, JUCCEPTALNU U APYTUC MAJOTUPAKHBIC U3AaHUS.

Ecnu onmceiBaeMas myonukaiius umeeT nudposoit unentuduxarop Digital Object Identifier (DOI), ero HeoOxoquM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B ¢opmare "doi: ...". IlpoBepsars Hamuune DOI cratbu
cnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HexxenatenpHBI CCBUTKM Ha UCTOYHUKH Oojee 10—15-neTHel HaBHOCTH, MPUBETCTBYIOTCS CCHUIKH HA COBPEMEHHBIE
HCTOYHUKH, uMeroInue uaeHrudukarop doi.

3a JIOCTOBEPHOCTh M NPABHIBHOCTH OGOPMIICHHS NPEICTABIIEMbIX OMOIMOrpadMYeCKUX NaHHBIX aBTOPBI HECYT
OTBETCTBEHHOCTH BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIHMKAIHIO.

AHHOTAIUSl HA aHIIUICKOM s3bIKe (Abstract) B pycCKOS3BIYHOM H3TAaHMU M MEXAYHAPOAHBIX 0a3ax JaHHBIX
ABJSIETCS JUII MHOCTPAHHBIX YMTaTelell OCHOBHBIM M, KaK MPaBUIIO, €IWHCTBEHHBIM HCTOYHHKOM HMH(OPMAIUH O
COZIep’KaHUM CTAaThbH M M3JIOKEHHBIX B HEH pe3ynbrarax MccieAoBaHUi. 3apyOexHble CIEUAINCThI 10 aHHOTAIuN
OLIEHHMBAIOT ITyOJIMKAIUIO, ONPEEISIIOT CBOM MHTEpEC K paboTe POCCHHCKOrO YyYEHOTO, MOTYT HCIIOJIb30BaTh €€ B
CBOEH ITyOJIMKAIMK M C/IeNIaTh Ha HEe CCBUIKY, OTKPBITh AMCKYCCHIO C aBTOPOM.

TexcT aHHOTAIMM TOIDKEH OBITH CBSI3HBIM U MH(OPMAaTHBHBIM. [Ipy HaNMCaHUM aHHOTAllMK PEKOMEH/IYeTCsI HCTIONB30BaTh
Present Simple Tense. Present Perfect Tense siBnsiercst nomyctumsiM. Pekomenyemsii oobem — 200250 cios.
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TIOBTOPSISI CIUCOK JINTEPATYPhl K PYCCKOA3BIYHON YacTH. Ecnu B criicke MUTepaTyphl €CTh CCHUIKM HA HHOCTPaHHBIE

MyOJIUKAIMK, TO OHU TIOJHOCTBIO MOBTOPSIOTCS B CIMCKE, TOTOBAIIEMCS B poMaHCckoM andasure. B References

COBEPIIICHHO HENOMYCTHMO Wucmonb30oBath poccuiickuit ['OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK

MIPENICTABISIETCS C TIEPEBOOM PYCCKOS3BIYHBIX MCTOUHMKOB Ha JIaTUHUILY. [Ipy 3TOM npuUMeHseTcs TpaHCIUTepalus
o cucteme BSI (cwm. http://ru.translit.net/?account=bsi).

Tumossle mpuMeps! onucanns B References mpuBeneHs! Ha caiite )xypHaia https://re.eltech.ru .

Caenenus 00 apTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMuIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
ydeHOe 3BaHMeE (C JaTaMH IPHCBOCHUS U MIPHUCYKICHU), TOYETHBIC 3BaHMS (C JaTaMU IIPUCBOCHUS U IPUCYKACHHS),
KpaTKyIo HaydHyI0 Onorpaduro, KOIMYECTBO IEYaTHBIX paboT U cepy HaydHBIX WHTEpecOB (He Oonee 5—6 cTpokK),
Ha3BaHHE OPTaHW3aLNH, TOJDKHOCTD, CITY’KCOHBI U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MOUTH. Ecim yYeHBIX W/WiHM akaZeMHYeCKHX CTENeHeW W 3BaHUH HET, TO CIeqyeT yKa3aThb MeCTO
MONMYyYCHHSI BBICIIETO OOpa30BaHUs, TOJ OKOHYAHHWS By3a M CIEHNHAIbHOCTh. Tarkke TpeOyeTcss BKIIOYAThH
naaeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpakaercsi Kak ajapec Buaa http://orcid.org/xxxx-xxxx-xxxx-xxxx. IIpy# 5ToM BaKHO, YTOOBI KaOMHET aBTOpa B
ORCID 6511 3amonHeH nH(opMaIuei 00 aBTope, UMell He0OXOMMBbIE CBEJICHUS 0 er0 00pa30BaHKH, Kapbepe, Ipyrue
ctatbu. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 3a IPOXOXKACHUE CTAaTbU B PElaKIIUU.

IIpaBunia odopmiieHHs TEKCTa

TekcT crarbM MOATrOTaBIMBaeTCS B TEKCTOBOM pepaktope Microsoft Word. ®opmar OGymarm A4. Ilapamerpsl
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, paBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne Moay)KUPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel HE0OXOJMMOCTH.

JIOTIOMHUTENBHBIN, TTOSICHAIOUIMN TEKCT clieyeT BBIHOCUThH B MOJACTPOYHbIE CCBHUIKHM IPH IMOMOIIHM 3HAaKa CHOCKH, a
npu GosbIoM o0beMe — 0OopMIIATh B BHAE NMPHIOKEHUS K crarbe. CChUIKM Ha (OPMYNBl M TaOIMIBI JAalOTCS B
KPYIJIIBIX CKOOKaX, CCBUIKH Ha UCIIOIb30BaHHBIC HCTOYHUKH (JIUTEPATYpPy) — B KBaJIPATHBIX MPSMBIX.

Bce cBemenms wW Tekct craThu  HaOmparorcst rapHuTypoit "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE IO ImUpHHE; ab3amHbBId oTcTym 0.6 cM; MEXCTpouHBIH MHTepBan "Muoxwurens 1.1";
aBTOMAaTHUECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BEpCTKU CIKCKA JIUTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOIpoOHO onrcaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANIPABJIEHHUIl KypHaJia
TemaTnka )xypHana COOTBETCTBYET IPYIIaM CIEIHUATbHOCTEH HAYIHBIX PAOOTHHUKOB:

e 05.12.00 — "Pamuorexnmka u cBsa3p" (05.12.04 — PagnorexHuka, B TOM YHCIE CHCTEMBI M YCTpPOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, cetu u
yCTpoiicTBa TeaekoMMyHukanui, 05.12.14 Paguronokanus v paguoHaBUTAIINA);

e 05.27.00 — "Dnexrponuxa" (05.27.01 — TBepmoTenbHas 3JIEKTPOHUKA, PaTUO3IEKTPOHHBIC KOMIIOHEHTHI,
MHUKpPO- ¥ HAHOJIEKTPOHHUKA Ha KBaHTOBBIX 3 dexrax, 05.27.02 — BakyymHas u 11a3MeHHast 2JI€KTPOHUKA,
05.27.03 — KsantoBas anextponuka, 05.27.06 — Texnomorus u oOOpyZOBaHHE MaJsi INPOU3BOJCTBA
MOJIYIIPOBOJAHUKOB, MaTepHajIoB U IPUOOPOB 3JIEKTPOHHON TEXHUKH);

e 05.11.00 — "IIpubopocTpoeHre, METPOIOTHS U HH()OPMAITHOHHO-M3MEPUTEIBHEIC IPUOOPEI U CHCTEMEI" B
penakunu npukaza BAK or 10.01.2012 Ne 5 (05.11.01 — ITpubopsl n MeToas! M3MEpEeHUs] MO BUAAM
n3mepennit, 05.11.03 — I[IpuGopsr HaBuranny, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPUOOPH! 1 KoMIutekesl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3ITyYeHUH M PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI ITPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnaonorust mpubdopoctpoerus, 05.11.15 — Merponorust u MeTponormdeckoe obdecmeuenue, 05.11.16 —
WnubopmMannoHHO-U3MEpUTENbHBIE U YIpaBisiomue cuctemsl (mo orpacisiM), 05.11.17 — IpubGopsr,
CHUCTEMBI W U3AeNMs MeAuIuHcKoro HasHadeHus, 05.11.18 — Ilpubopbl m MeTomsl mpeoOpa3oBaHHA
U300paKEHHI 1 3ByKa).
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YKkazaHHBIE CIICIIIATFHOCTH MPEICTABISIOTCS B KypHAJIE CICTYIONIMHA OCHOBHBIMH PYOpHUKaMH:

"PagnoTeXHHKA U CBS3L'":

PannorexHnueckue cpeacTBa nepenadu, npuemMa 1 00paboTKU CUTHAIOB.
[TpoexTupoBaHue 1 TEXHOIOTHS PaANONICKTPOHHBIX CPEICTB.
TeneBunenue u 06padoTka n300paKeHUH.

OneKTpoANHAMUKA, MUKPOBOJIHOBASI TEXHUKA, AHTCHHBI.

CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAIIHH.

Papnonokanus n paXuoHaBHT LML,

"DnexTpoHuKa':

MHUKpPO- U HAHOZJIEKTPOHUKA.

KBanToBas, TBEpHOTENbHAS, IIIA3MEHHAS U BAKYYMHAs! 3JIEKTPOHUKA.
Pagmodoronuxa.

Onexrponuka CBY.

"[IpubopocTpoenue, METPOIOrus 1 HHGOPMALMOHHO-U3MEPHUTENBHBIE PUOOPHI U CHCTEMBI':

e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHIECKUX U PaIHOBOIIH.
e  Merposnorus 1 HUHGOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI.
e  [IpubOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJISI CPE/IbI, BEIIECTB, MAaTEPHAJIOB U U3/ICNHUIL.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yin. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "V3BecTus BRICIINX yueOHBIX 3aBeneHuit Poccuu. Pagunosnekrponuka"

TexHUYECKHE BOMPOCH MOKHO BBISCHUTH 10 aapecy radioelectronic@yandex.ru
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