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SPACE NAVIGATION SYSTEMS AND DEVICES. RADIOLOCATION AND RADIO NAVIGATION

Estimation of Root-Mean-Square Errors in Measurements
of Radio Navigation Parameters

A.V. Molokanov, contact@spacecorp.ru
Joint Stock Company “Russian Space Systems”, Moscow, Russian Federation
V.E. Vovasov, Cand. Sci. (Engineering), contact@spacecorp.ru
Joint Stock Company “Russian Space Systems”, Moscow, Russian Federation

Abstract. Itis often necessary to evaluate the performance of the user navigation equipment or its compliance with the requirements
of the technical task by its measurements. One of the indicators of the quality of the user navigation equipment is the root-mean-
square error of the radio navigation parameters.

The article presents a methodology for estimating root-mean-square errors in the measurements of radio navigation parameters
obtained by the user navigation equipment installed on spacecraft. The issues of a representative sampling of the number of
measurements for determining the root-mean-square errors of measurements eliminating the mutual dynamics of the navigation
satellite and user navigation equipment, the dynamics of the receiver time scale shift, as well as the ionospheric component of the
measurements are considered. The method includes an estimate of the instability of the receiver reference oscillator.

Based on the technique, the experimental estimates of the root-mean-square errors in pseudorange measurements by code and
the carrier phase are made. Application of the developed technique allows evaluating the quality of the user navigation equipment
and the correspondence of its characteristics to the specified criteria.

Keywords: GLONASS, GPS, radio navigation parameter, root-mean-square error
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OF RADIO NAVIGATION PARAMETERS

Introduction

Rather often, based on the measurements of the
user navigation equipment (UNE), it is necessary to
estimate the quality of its operation or meeting the
requirements of Statement of Work (SOW). One of the
indicators of the UNE performance quality is the root-
mean-square error (RMS) of radio navigation parameters
(RNP). RNP is understood as pseudoranges by the code
and pseudoranges by the phase of carrier frequencies.
If necessary, it is possible to determine an RMS error
and other navigation parameters using the approach
described in this article.

Defining  the
measurements

sampling value of

To receive an RMS error, it is necessary to plan an
experiment correctly. Firstly, the received measurements
are divided into groups. In compliance with [6], the
minimum quantity of measurements to define an RMS
error, in each group should have not less than 30. In this
case the received an RMS error value (x,) can be considered
distributed under the normal law. The number of sessions
for receiving the statistics of an RMS error with the set
number of reading has to be not less #=10-20 .

At first, we should find an estimate m for the
expectation value of an RMS error:

~ 1
m=—- Z X; (1)
noig
An RMS error dispersion will be equal to:
Z (xi - ”’N’l)z
D =" )
n—1

A root-mean-square deviation (RMSD) of an RMS
error is defined as:

= o

O, = (3)
Hence, a confidential interval is as follows:
Iﬂ:(n?—tﬂ-aﬁ;r?z+tﬂ-0'ﬁ) (4)

where the value 7, is defined for the normal law as
a number of RMSDs which needs to be postponed from
the center of dispersion to the right and to the left in
order that the probability of getting to the received site
was equal to 5 .

The value 7 is defined by the formula:
ty=N2-07(p) 5)

where® ' (f) is the function inverse to the
Laplace’s function. Usually, to ease calculations to obtain
g2 special Table (14.3.1) [6] is employed. For instance,
at the set value 8=0.997, the value ¢, =3.

Method to determine an RMS error

The problem of defining the dispersion of an
RMS error of the specified parameters is that their
mathematical expectation 7 is nota constant value in the
course of measurements, so application of the traditional
expression for dispersion (2) is almost impossible. In this
regard, it is offered to make differentiation of the values
of the parameters until m of the received derivatives
becomes either a constant or equal to zero. The received
RMS error of this derivative is easily recalculated into the
RMS error of the initial parameter, since differentiation is
a linear operation.

Wewill bring for an example, the known mathematical
expressions for pseudoranges by a high precision (HP)
code for the navigation receiver installed on the satellite
with the altitude of an orbit of 1000 km in the L1 band for
GLONASS [1-3].

D'ut)=R (t,)+c AT —c-(AT") +

J J .1 7
+ C(T;on,Ll T )_ §L1,H Jj=1J

by the HP code in the L2 band for GLONASS

(6)

D 2u(t)=R (1) +c AT —c- (AT’ +Az))+
+ C(Tir{n,LZ TT0m )_ §sz,H ] = 1:_-] (7)
where

] is the number of visible GLONASS satellites;

t, is the moment of measurement formation;

R, is the path of signal propagation from the phase
center of the antenna of the j-th satellite to the phase
center of the receiver’s antenna equal to

R, (’i) -

\/(xj —x(tl.)>2 +(yj —y(tl.))2 +(zj —z(tl.)>2 (8)
This is the distance between the points which were

occupied by the j-th satellite at the moment of precedence
and the receiver at the time of measurement formation.

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



4 A.V. MOLOKANOYV, V.EE. VOVASOV

A measurement formation is understood as a time point,
which precedes the moment of measurement formation
for the period of signal propagation;

x’, ¥/, 2/ are the coordinates of the j-th satellite at
the moment of precedence recalculated in that position
of the Greenwich system of coordinates which it occupies
at the time of measurement of pseudorange;

x(tl.), y(tl.), Z(li) are the receiver’s coordinates at
the time of measurement formation;

T/ LI,Y:M,M is the delay of a code signal of the L1
and L2 bands of the j-th satellite in the ionosphere;

AT is the shift of a time scale of the receiver relative
to the system time scale of GLONASS;

AT is the time scale shift of the j-th GLONASS
satellite which coincides with the time scale of the L1BT
signal relative to the system time scale of GLONASS;

T e Tonp 18 the delay of the code HP signal of
the L1 and L2 bands of the j-th GLONASS satellite in the
radio frequency part of the receiver;

At/ is the shift of the time scale of the L2BT signal
relative to the L1BT signal.

&, up> &1, e is the noise component of measurement
of pseudoranges by the receiver based on the signal of the
L1 and L2 ranges of the HP code of the j-th GLONASS
satellite.

Considering the known formulae [1]

Tn{n,Lz = 7'7:'5in,L1 )
where
y= (f (10)

Jiry2
fi
£, is the frequency of the carrier of the signal of the
J-th satellite in the L1 band;
[, is the frequency of the carrier of the signal of
the j-th satellite in the L2 band.

The value y = (%)2 is for GLONASS.

Considering [5]
2
C'Ti({nuzlé' fz : 2
’ fj,Ll R :
1- 3 _cosiy.(t,
el )]

we will obtain the pseudorange shift of the j-th signal
in the L1 band caused by the ionosphere.

Here [ gj is the ionosphere vertical delay of the
GLONASS signal at the frequency L1;

R, is the radius of the Earth;

(11)

h = 432.5 - 10° m is the altitude of the ionosphere
layer where an integral concentration of electrons in the
vertical column reaches 50%; _

[ is the carrier frequency where the estimation / ;
is received (in the paper it is L1);

n, (f i) is the elevation of the j-th navigation satellite
relative to the receiver;

a is the coeflicient taking into account the decrease
in the sum concentration of electrons in the ionosphere
column due to the object is located not on the Earth
surface.

Allowing for (11), we will rewrite (6) and (7) as
following:

Digr(t;) = Rj(t;) + ¢ AT —c- (ATT)+

Q

+1; - +
R; 2
\/1 - |:Rg T cos{n;(t,)}

+e Tiuer — &gy (12

DY3(t;) = Ry(t;) +c- AT — - (AT + Arj)+
j «
+ 1)y = : +
% st 1)
J

+ ¢ T opT — &loBT (13)

It is obvious that on the interval corresponding to

AU, TJ 12,BT

L nj( t), can be considered constants while the values

the group of changes such parameters as AT/,

J Lo .
R, (t ; ), AT, a - I, have asignificant dynamics.
The known mathematical for
pseudorange at the phase of the carrier for the navigation

expressions

receiver installed on the satellite with the orbit altitude
1000 km [1, 3] should be given.

G (t,)=—c- (AT’ +Atr])+c-AT +

+R,; (ti )+ Al (¢0,L1 + (D({,Ll + gufjl )_

_C(Tmnu) ﬂil(ﬁf’hu) M2y, (9
G ()= —c- (AT + Az +AT],)+
+C'AT+Rj(ti)+ﬂ'i2(¢0,L2+¢)({,L2+g'/€:2)_

~ellinia )= Aslol) =M g, 09
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where A, A}, is the wavelength of the carrier of the
j-th satellite in the L1 and L2 bands;

®o.11> Po.1, 1s the initial phase of the receiver in the
L1 and L2 bands;

(00]; e (ooj, 1o is the indefinite initial radiation phase
of the j-th satellite in the L1 and L2 bands;

AT, =(U

precision (AP) code relative to HP in the L1 range in the
equipment of the GLONASS satellite;

AT =(7 ) is the delay of the AP code

relative to HP in the L2 range in the equipment of the
GLONASS satellite;

go,{ 11 (0,{’ 1o is the phase aperture signal distortions

) is the delay of the average

LILCT Ll BT

12,CT L2 BT

of the j-th satellite in the receiver in the L1 and L2 bands;
M;l , Mfz is the
nonuniqueness of phase measurements of the signal of

the j-th satellite in the receiver in the L1 and L2 bands;
L

Sy, > 5 v,
the signal pseudopahse of the j-th satellite in the receiver
in the L1 and L2 ranges.

Considering (11), we will rewrite (14) and (15) as
following:

indefinite integer being

is the noise term of the measurement of

G/ (t,)=—c- (AT’ +Az])+c AT +
+ Rj (ti)+ lil ((po,Ll + ¢({,L1 + gvfjl )_

I @ -

]

~ 2ol )-m 2y, (9
G2(t,)=~c-(AT' + A7) + Atf)) +
+c-AT+R,(t,)+ /1{2(%,“ + 9412 +§v€,2)_

Iy z = -
1- [Rfi ; cosly, 1, )}}
Aol )M, a7)

It is obvious that on the interval corresponding to the

measurements such parameters as AT, A7/, nj(ti), Av,,

Ny (@ + @ sV, (90,,,), M-V can be considered
constants while the values R i (ti ), AT, a1 é{ have a

significant dynamics. As it was already specified, we will
make differentiation of the received measurements for
decrease in dynamics. Derivatives are needed to be taken
until the dynamic error does not turn out to be less than
noise. Since measurements of pseudorange based on the
carrier phase are the most accurate, they will demand
the highest derivative. Elimination of the dynamics of
navigation spacecraft and the satellite with the height of
an orbit of 1000 km, dynamics of the drift of the time
scale of the receiver and also an ionospheric component
of the expressions of pseudoranges, as the experiment
has shown, requires receiving the sixth derivative of
the measured pseudorange on the carrier phase. To
sum up the results, we will use the sixth derivative at
measurements of pseudorange by the code. In this case
the values of the measurements D“j, ap(t)s D“J ap(t)s Gj“ (t)

and GJ.LZ( t) will be written as Gj( t). An approximate value
of the six derivative can be estimated with the following
polynominal:
AG(t)=G(t,)-6-G(t )+
+15- G(t J-20- G(t ) +

i+3

+15-G(t,)-6-G(t, )+ G(t)

i+1

(18)

The dispersion of differences o’ A6, will be equal to

N

2—2

i=l1

()P =924- o, (19)

Hence, an RMS error of measurements G (tl.) will
be equal to

_ 2
an = /O‘AGj /924

As an example of the use of the expression (18),
Fig. 1 gives the graph of the change of the calculated o

(20)

pseudorange GLONASS of the L1 band by the code (a)
and phase (b) of the carrier applying the six derivative.
The Figure shows the relative time as a quantity of 10
second readings during a navigation session. A dashed
graph is stipulated by the conditions of the navigation
spacecraft by the antenna system UNE located on the
satellite with the orbit about 1000 km.

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



6 A.V. MOLOKANOYV, V.EE. VOVASOV

=
o

=
-

=
-

=
=]

o

&
)

fqr navigation spacecraft RO2, [u]

&
-

Instrumental errar of pseudorange by the code in the L1 band
&
@

&
-

-1

1 90 179 266 357 446 535 624 T13 802 831 380 1069 1158 1247 1336 1425 1594 1603 1692 1781 1670 1959 2048 2137 2226 2315 2404
Relative time, [sec]

of navigation spacecrafl RO0Z2, [u]

Instrumental arror of pseudoranga by the carrier phasa in the L1 band

1 93 185 277 389 461 553 645 TIT E29 921 1013 1105 1197 1289 1381 1473 1585 1657 1740 1841 1933 2025 2117 2209 2301 2393

Ralative time, [sec]

(b)

Fig. 1. An instrumental RMS error of measurement of pseudorange GLONASS of the L1 band by the code (a) and by the phase
(b) of the carrier frequency.

Method to determine an RMS error
regardless the noises of the reference
generator

For the UNE developer, it is very important to be
convinced of correctness of operation of the receiver.
Usually at creation of UNE, a reference generator which
noises are much lower than thermal noise of the receiver is
chosen. However because of different errors of creation of
the receiver it is important to know a contribution of noise

of the reference generator to an error of measurements
of pseudorange by the phase carrier. Definition of RMS
errors of measurements of pseudoranges by the phase
carrier regardless of the noises of the master oscillator is
used for this purpose.

As it is necessary to determine RMS errors of
measurements of pseudoranges by the carrier phase
without the noises of the master oscillator, one should
receive the expression where there is no value AT . To do
this, using the difference of the expressions (16) and (17),
we will receive

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018
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AGj (ti): G_fz (ti)_ G_fl (ti):
=—c-(At] +At], —At])+

1)1, d +

\/1—[;{3 cosh 0]

,+h

+(y -

J J J L2

+ 41 ((Do,Lz T P02 = Phi2 TSy, )_
J J Jj Ll

- A (¢0,L1 t Qo —Pun T Sy, )+

+ M A -M P2, (21)

Itis experimentally determined that for the navigation
receiver installed on the satellite with the altitude of an
orbit of 1000 km, the second derivative of the difference
of pseudoranges by the carrier phase is almost equal to
zero. The approximate value of the second derivative can
be received by means of the following polynomial.

AAG;(t) = AG(tig)—
—2-AG;(t;) + AG;(t; )
We should determine the pseudorange dispersion by

Sy

the carrier phase in the L1 band as o éu
J

P2
=[4,]

The dispersion of the & i AG,(t,) value will be equal to

. 2 2
and in the L2 band as O . Gg“ .
J v

N

= = S IAAG, (1) =

OANG (t) =
i=1
| N
=+ D [AG(tia) — 2- AGS (1) + AG(t_)] %
i=1
X [AG(tiy) — 2- AG () + AG;(t;_))] =

(22)

Here a statistical independency of readings of
pseudoranges by the carrier phase is considered as well as
their similar dispersion during the session.

The dispersion of differences AG]. (l‘l.) is to be
determined:

1 N
sy =y ZAC ) =

:_Z[AG Z[Gu GLI( )] _

1 & 1 ¥
=—DIGP ) +—=D G () =0 2+6L1
N LG )+ X IGH ) :
(23)
Hence,
0'2 Gj(t)—6 GGLZ +6- O'G“ (24)

The dispersions of pseudophases in the L, and L,
bands caused by the noises of the equipment, which in
case are determined by the expressions [1,4]:

1
A ol 1+
fc O( 2'k'qc/n0,L1.T’J
ol =T 25)
k- qc/no,Ll
Af, 1+ !
2 i 12 < 2'k'qc/n0,L2.T,
O =417 (26)
! k ' qc/no,LZ

where

Af oo = 25 Hz, the noise band of PLL;

k is the reserve coefficient;
9ejny,11> Defn,.12 18 the energy potential of the radio

link in the L, and L, bands;
T’ =1secis the time for accumulation of information
parameters of the digital receiver.
Taking  into the

= P4, 1, Will be written as

account dependences

qc/no L1

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



8 A.V. MOLOKANOYV, V.EE. VOVASOV

9 N j o2
TaNG, (1) = 6 M 7x
1
AfCCCD (1 + —>
2-k- dc/ng,L1 * rj"
k- dc/ng,L1

1
Afeco |1 | —1
CC(D( ) 2-k- q(:/n,o,L2 : j") ] «

k- qc/no,LQ

1
X (1 + - ,),)
Yo £ (27)

we receive the values of RMS error

X (l+~-0) =~

~6- [AJLQ]Q .

Hence,
pseudoranges by the carrier phase in the L, and L, bands.

r 0_2 0,5
AAG.(t,)
~ | T (28)
N IR
r 0_2 0,5
AAG (t,)
~ i) (29)
e ™ e irq ) 1P

As an example of using the expression (28) in the
Fig. 2, the graph of the change of the calculated o

J

pseudorange GLONASS of the L1 band by the carrier
phase regardless the noises of the reference oscillator
is given. In the Figure, the relative time is a number of
10-second readings during navigation session. A dashed

0.01 5

0.008

graph is explained by the conditions of the visibility
zone of the navigation spacecraft by the antenna system
of UNE located on the satellite with the orbit of about
1000 km.

Assessment of instability of the reference
generator

In case of obtaining an essential difference in RMS
errors of pseudoranges by the carrier phase in the
corresponding range taking into account noises of the
reference generator and without the noises, it is possible
to approximately estimate instability of the reference
generator under operation.

The known formula of Doppler frequency

F, =-F, r
c
where
F, is the carrier frequency, V is the radial velocity,
c is the light speed.
Hence, frequency errors are connected with speed

errors as follows:

AF, =-F, M
c
Hence,
AF _[aFy| _[ar]
F, F, c

0.006

0.002 r

-0.004

-0.006

-0 008

Instrumental eror of pseudarange by the code in the L1 band
(regardiess the noises of the oscillator) for navigation spacecraft ROZ, [u]

a0

1 94 187 280 373 466 550 652 T45 E38 931 1024 1197 1210 1303 1396 1489 1582 1675 1768 1851 1954 2047 2140 2233 2326 2419

Relative tima, [sec]

Fig. 2. Instrumental RMS error of measurement of pseudorange GLONASS of the L1 band by the carrier phase (regardless the
noises of the reference oscillator)
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AF
Here —— is a short-term instability of the reference
0

generator.
The speed in the moment of time 7 is connected with
. D._, —D.
the range by the following ratio: V, = D, = HZI—AtH

HereD,, ,D, | are the readings of pseudorange by

i+l1> i
the phase in i + 1 and i - 1 moments of time,

At is the time interval between the readings (this
interval is equal to 1 second in the receiver).

In this case, the error of the speed will be determined
through the RMS error of pseudorange (o) obtained
regardless the noises of the reference generator and the
RMS error of pseudorange (o, ) obtained taking into
account the noises of the reference generator in the form:

\o,. —o;
AV =3Pt 7D
V2 At

Hence,

AF |AV| B \Jo,. —o;
F, ¢ 2.c-At
One should take a right border of the confidence

limit as the values of the RMS error of pseudoranges. This
approach is valid when o, > o} .

(30)

Conclusion

The technique is developed to determine RMS
errors of measurements of radio navigation parameters
determined by the UNE. In the developed technique
the selection of the number of measurements of radio
navigation equipment sufficient for evaluation of a RMS
error, definition of an RMS error of measurements of radio
navigation equipment taking into account and without
instability of the reference generator of the receiver is
performed, and assessment of instability of the reference
generator is given. The assessment of operation quality of
the UNE and compliance of its characteristics to the set
criteria is the result of application of this technique.

The carried out experimental estimates by the offered
technique of definition of RMS errors clearly demonstrate
the influence of instability of the reference generator on
characteristics of UNE.
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Variant of Technical Realization of Non-Linear Multiplexing
GLONASS FDMA and CDMA Navigation Signals

A.A. Biryukov, povalyaev_aa@spacecorp.ru,
Joint Stock Company “Russian Space Systems”, Moscow, Russian Federation

Abstract. Due to modernization of the GLONASS system, a problem of non-linear multiplexing of GLONASS FDMA and
CDMA navigation signals has become of interest. The multiplexing allows transmitting these signals through a common space
vehicle (SV) antenna. Development of an apparatus for generating composite (group) L1 and L2 signals each formed by non-
linear multiplexing of GLONASS FDMA and CDMA navigation signals may reduce mass-dimensional characteristics of SV with
a simultaneous improvement of accuracy characteristics of the signals. However, the difficulty of such multiplexing is that clock
frequencies and central frequencies of the multiplexed GLONASS navigation signals have an unacceptably great value of lowest
common multiple, as opposed to the value for known methods of non-linear multiplexing, such as AItBOC modulation.

The article proposes an algorithm for computing model values of a composite signal. The algorithm considerably simplifies
technical realization of the non-linear multiplexer (NMUX) to form GLONASS signals. A method of computing energy loss is
proposed. Spectrum of a composite signal in radio astronomy band is estimated.

Keywords: global navigation satellite system (GNSS), GLONASS, non-linear multiplexing, energy loss, AItBOC
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Introduction

In the course of modernization of the GLONASS
system, in addition to frequency signals (signals with
frequency division), code signals are introduced (signals
with code division). Spectra of frequency and code signals
are blocked in the radio-frequency ranges L1 and L2
GLONASS. In this regard, the problem of consolidation
(multiplexing) of these signals for their radiation via the
general antenna is of interest.

The structure of the mentioned GLONASS signals is
such that the problem of their consolidation in each of
the ranges L1 and L2 comes down to consolidation of two
quadrature pairs of signals. In the world practice, AItBOC
modulation [1], which belongs to nonlinear methods of
consolidation, is applied to solve a similar task. However,
AItBOC modulation is developed provided that clock
frequencies of the modulating sequences of the condensed
signals and the central frequencies of their ranges are
a multiple of the frequency of 1.023 MHz. In case of
GLONASS signals, this condition it is not satisfied and
leads to the fact that the clock frequency of the nonlinear
consolidation device (NCD) within these methods has
to be unacceptably high. For example, if in the range of
L1 code GLONASS signals (the central frequency of the
spectrum is 1600.995 MHz) and GLONASS frequency
signals at a frequency with the number k = 6 are
condensed, i.e., at the frequency (1600.995 + 4.38) MHz,
then in case of application of AItBOC -type modulation,
the clock frequency of NCD will be equal 41820.24 MHz.
This value is equal to a least common multiple of the
following frequencies (in megahertz): 1.023; 2.046; 10.23;
0.511;5.11; 4.38x4.

In [2] and [3] it is shown that in the mathematical
model of a compound AltBOC signal, a method of linear
summation of components (condensed signals) with
the subsequent restriction of an amplitude is used and
that this method is optimum by the minimum criterion
of power losses from alignment. In [2] and [3] it is also
shown that the simulating sequence of a compound
AltBOC signal is formed by calculation of model values
of this sequence in discrete moments of time.

In the paper, the algorithm of calculation of model
values of GLONASS compound signals, which allows
one to simplify technical implementation of the shaper
of these signals is offered. This algorithm is applicable for
consolidation of two quadrature couples of any signals.

Structure of the multiplexed GLONASS
signals

Initially in the GLONASS system, frequency
navigation signals were used. Each navigation spacecraft
of the GLONASS system has two carrier frequencies, one
in the radio-frequency range L1, another is in L2 range.
These carrier frequencies are determined by the formulas:

fk1:f01+k .Afl’

fk2:f02+k ' AfZ

where £ is the number of the carrier frequency that takes
the values from -7 to +6;

f,=1602 MHz, Af =562.5 kHz are the parameters
for the L1 band;

f,,=1246 MHz, Af,=437.5 kHz are the parameters
for the L2 band.

On each of the carrier frequencies f_ and f,,
the navigation spacecraft radiated two signals of an
equal power called by average precision (AP) and high
precision (HP). Thus, each navigation spacecraft radiated
four navigation signals: L1 AP, L1 HP, L2 AP, and L2 HP.
These signals are also known as L10OFE, L1SE L2OEF, L2SE
respectively. At first, these signals were multiplexed with
a quadrature method in each of the L1 and L2 ranges, and
then the received quadrature couples were multiplexed
by a diplexer. Range codes for AP and HP signals have
clock frequencies of 0.511 and 5.11 MHz, respectively.

In the course of modernization of the GLONASS
system, new code navigation signals were introduced into
it. Each navigation spacecraft of the GLONASS system
were given three carrier frequencies in the L1, L2, L3
radio-frequency ranges:

f,,=1565 - 1.023=1600.995 MHz,
f,,=1220 - 1.023=1248.06 MHz,

f,,=1175-1.023=1202.025 MHz.

On these carrier frequencies, it is planned to radiate
L10GC, L1SC, L20Cp, L2 KSI, L2SC, and L30C code
signals.

Vector charts of the specified GLONASS navigation
signals are given in Fig. 1 (a HP signal lags behind
in phase from an AP signal by 90 °). The powers of
quadrature couples of signals in the L1 and L2 ranges
for GLONASS code signals are twice higher, than for
GLONASS frequency signals.
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Fig. 1. Vector diagrams of GLONASS navigation signals

The offered scheme of creation of NCD
signals of L1 GLONASS

In terms of NCD, L1 and L2 GLONASS signals
differ only by carrier frequencies therefore consolidation
only in the L1 band will be considered further. As a
mathematical model of a compound signal the following
complex function is offered:

s(t)=signls  (t)+s )+
+s,,(H+s,, (D] -exp(2nf t) (1)

where £ is the carrier frequency of a compound signal
equal to 1600.995 MHz for simplification of NCD;

sign (z) is the operation of amplitude restriction,
equates the module of the complex number z to one unit,
andleavestheargumentinvariableaccordingtotheformula
sign(z) = Z/|z| =[Re(z) + j-Im(z)]//Re(z)* +Im(z)*;

S5ty S oc(t): $,p(1); s,,(t) are the complex signals
determined by the formulas:

SLISC(t):PRSLISC(t)’

sLlOC(t)Zj ' PRSLIOC(t)’

s.»(D=PRS () - a - explj2nf tl=
=PRS_,(t) - a - [cos(2nf t)+j - sin(27f t)],

s,,(t)=PRS, (1) - a - explj(2nf t+m1/2)]=
=PRS, ,(t)-a-[cos(27f t+7m/2)+j-sin(2nf t+m/2)]=
=PRS, (1) - a - [-sin(27f t)+j - cos(2nf 1)];

PRS, ..(t), PRS . (t), PRS (1), PRS, (t) are the

L1SC L10C
modulating sequences of navigation signals L1SC, L10C,

L1 VT, and L1 ST taking the valuesvalues {1; —1};

a is the amplitude coeflicient equal to 0.903585
that in the compound signal the power of HP and AP
signals was twice less than the power of L1SC and L10C
signals according to the calculation procedure given in
the section “Calculation of characteristics of nonlinear
consolidation™;

f,=(1.005+k - 0.5625) is the difference (in megahertz)
between the carrier frequency of HP and AP signals and
the carrier frequency of L1SC and L10C signals.

The Formula (1) is the foundation of the NCD building.
The equalized signal sign[s  (t)+s,, (D)+s,,(D+s, (D] is a
signal for modulation. Its real part is fed onto an inphase
(I) input of the quadrature modulator, and an imaginary
part is fed onto a quadrature (Q) input (in the present
article it is accepted that a quadrature component of the
carrier advances in phase the inphase component by
90 °). The multiplier exp(j27f t) describes transfer of the
modulating signal to the carrier frequency f .

In the sum signal [s (D+s  (D+s,,(D+s,,(t)],one
can it is possible to allocate the real x(#) and the imaginary
y(t) part:

x(t)=PRSLlsC(t)+PRSHP(t) “a-cos(2mf t) -
-PRS, (1) a-sin(27f 1),
y(t)=PRS ()+PRS (t)-a-sin(2nf t) -

-PRS, () -a-cos(2nf t). (2)

Hence, we receive the formula defining input signals
of the quadrature modulator:

I1(t) = x(2) /x> (1) + y* (1),
O(1) = y(1)/x* (1) + y*(1).
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The compound signal created on the formulas
(1)-(3) has power losses of 17.17% according to the
calculation procedure which will be given later.

The I(t) and Q(t) signals are calculated using the

functions sin, cos, f(x,y)=1/‘w/x2+y2‘. These three

functions in the real wave shaper can be realized only
in the tabular way. To ease NCD, it is offered instead of
employing the tables for the above-stated functions sin,
cos and f(x,y), to calculate I(t) and Q(t) directly as a
tabular function of phases of components. Further, the
basic principles of realization of this tabular function are
described.

Let us consider the Formula (1). The constellation
(phase chart) of the signal [s . (t)+s ()] is made of
four phases, evenly distributed on a circle and numbered
from 0 to 3 (Fig. 2, a). The constellation of the signal
[s,,,(t)+s,,(t)] are created of an infinite set of phases of
this signal by the choice of the final amount of the phase
values n which are evenly distributed around the circle
(Fig. 2, b). At the same time it is important that phases
with the number 0 in these two constellations differed by
(n/n)rad. It excludes a possibility of a zero value of the
sign (z) function in the Formula (1) and also minimizes
power losses for the set n.

Im
A

R
[ v,
N

4= =

J__-
L

a - Signal constellation b - Signal constellation
[sLasclf) + sppoe()] (sl ) = sap(i)]
Fig. 2. Phase diagams of GLONASS signals being consolidated

It is obvious that each combination of numbers of
phases of two constellations (Fig. 2) can be given the
value of signals I(¢) and Q(#) as compliance. These values
can be calculated and kept in memory in advance. The
parameter n and also clock frequency NCD f_ and bit
depth C of the representation of each of the signals I(f)
and Q(f) are determined based on the requirements to
the precision characteristics if the signals being formed.

Thus, the scheme of NCD creation is offered to be
realized in the form of the program which in discrete
time points calculates the numbers of phases for two
constellations (Fig. 2), and further, depending on these
numbers, it takes from the memory the values I (t) and
Q(t), which move further to the inputs of the quadrature
modulator. Below the main ratios based on which it is
possible to construct this program are described. The
value of the phase in the constellation of the signal
s, i)+, ,oc(t)] (Fig. 2, a) are calculated by the formula

p=n/d+n, - mi/4, (4)

where n, =@ is the number of the phase, which is
determined depending on the values of PRS _ (#) and

PRS, .(t) according to the Table 1.

L1SC

Table 1. A rule for calculating the phase number 7, in the
constellation [s, .(t)+s, .(t)]

PRS (1) PRS () n, p,rad
1 1 0 /4
-1 1 3n/4
-1 -1 -3n/4
1 -1 -n/4

The phase value in the constellation of the signal
[s,,(D+s, ,(t)] (Fig. 2, b) is calculated by the formula

p,=n/4+m/n+n, - 2n/n (5)

where n,=0,n-1 is the phase number determined by
the formula n2=modn[phase2num( p)tn,: n/4l;

p is the phase (in cycles) of the complex harmonica
exp(j27f,t)

phase2num(p) is the operation omeparus, which
carries out the choice of one of the numbers of the
phases given in Fig. 2, the one that the value of the phase
corresponding to it differed from p by minimum;

n,=0,3 is determined depended on the values
of smagenmit PRS  (t) and PRS, (t) B according to the
Table 2;

x,0<x<n-1,
modn(x) =< x—n,x=>n,

x+n,x<0.
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Table 2. A rule for calculating 7,

PRS, (1) PRS, (1) n,
1 1 0
-1 1 1
1 1 2
1 1 3

The calculation of p is realized recursively by the
formula

p =modl(p+Ap)
where Ap=f /f is the increment p per one step of NCD;

x,0<x<1,
modl(x)=< x—1,x>1,

x+1, x<0.

Using the formulae (4) and (5), for each pair of the
numbers n, and n, it is possible to calculate the values
I(t) and Q(t) write them down into the files. However,
if n is a multiple of four thus, using reduction formulae
from trigonometry, one can store data only for n =0. If
the values I(t) and Q(¢) are written for # =0 in to the one-
dimensional files A and B indexed from 0 to (n-1), these
files can be employed to obtain the values I(t) and Q(t) for
all n, and n, c using the following algorithm.

A case n =0, then
1()=A(n,), Qt)=B(n,).

A case n =1, then
I(t)=-B(modn(n,-n/4),
Q(t)=A(modn(n,-n/4).

A case n =2, then
I(t)=-A(modn(n -2 - n/4),
Q(t)=-B(modn(n -2 - n/4).

A case n =3, then
I(t)=B(modn(n,-3 - n/4),

Q(t)=-A(modn(n,-3 - n/4).

It is obvious that in the given algorithm the index of
the element of the files A and B for each of the stated four
cases can be calculated by the formula

index=modn(n,-n, - m)

where m=n/4.

The scheme for NCD building given in Fig. 3, where
the parameters f =102.3 MHz and n=2""=4096 were given
as an example, corresponds to the stated mathematical
ratios.

| PRS Lisc |—" -

Quadrature
Calculation n; |—— modulator
[ERN H f} L
f, — ™S
Compound
| PRSHp|—» Extraction of | and Q signal
, from A and B files — —»
Calculation ny +EH)
£, —» O11)
t >
v : "
£y — 12
; Calculation n; ——
[ —- cos{ 2amiyi)
fn = 1600995 MHz - Carrier frequency
F = 11005+6=053623 MHz & 7.6 Files A and B

Jo= 1023 MHz - Clock frequency NCD

Fig. 3. The offered scheme for NCD building of L1 GLONASS signals
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Calculation of nonlinear consolidation
characteristics

The main characteristics of nonlinear consolidation
are energy losses and distribution of the power of the
components. There are no analytical expressions to
calculate these characteristics in general case; hence,
it is necessary to use numerical methods. One should
calculate a spectral density of power flow (SDPF) in the
radioastronomical range (RAR) (1610.6-1613.8) MHz
for a compound GLONASS signal in the L1 range.

The present article calls energy losses as a share of
power of a compound signal, which cannot be used in
user navigation equipment (UNE). The most simple and
vivid but not always precise accurate way to calculate
energy losses is the following: a sum signal is formed
(a linear sum of components) as well as compound (the
same linear sum of components, but with the following
amplitude limitation) in the complex form. These signals
are being normed, thus their energies are equal. Later,
two scalar products are calculated:

- 4, isthe scalar product of the reference signal of
the reference and compound signals;

- a, is the scalar product of the reference and
compound signals.

These scalar products modulate the response of the
correlator, respectively, onto the compound signal and
sum signal. The squared ratio of these scalar products
equals the ratio of signal powers when there is an
amplitude limitation and the absence of such (squaring
is needed because the response of the correlator is
proportional to the amplitude but not to the power of
the received signal). Energy losses are calculated by the
formula

L=1—(ay,/a;)’ (6)

where the horizontal line is a statistical averaging.

A separate component and sum of several or
all components can be chosen as a reference signal,
i.e,, energy losses can be calculated for both separate
components and sum of components. The simulation has
shown that in case when the amplitudes of the signals
Siscts S,0c( Sty s,,(t) differ in the Formula (1),
thus losses for separate components calculated by the
formula (6) turn out to be different. That means that at
the amplitude limitation, redistribution of the power
of components takes place. Under such conditions, the
components with a bigger amplitude strengthen and the
components with a less amplitude weaken.

If the amplitudes of the signals s . (t), 5, (1) s.,,(1);
s,p(t)are designated as a , a,, a,, a,, and the corresponding
losses calculated by the Formula (6) are designated as
L,L,L,L,so the power of separate components of a
compound signal are determined by the formulae:

Plzalz'(l_Ll)’ P2=a22'(1_L2),

(7)

And the power of a compound signal (the one based
on the stipulation above equals to the power of a sum
signal) is determined by the formula

P3=a32-(1—L3), P, =a§ '(1_L4)

(8)

2 2 2 2
P.=a +a;+a; +a,.

Based on the formulae (7) and (8), it is possible to
determine the shares of the power of the components
in the compound signal (they are equal to P /P, P,/P,,
and so on) and the ratio of the power of the components
(P,/P, P /P, and so on).

Since energy losses can be determined as a share of
the power of a compound signal, which does not account
for useful components, we receive one more formula to
determine energy losses:

L=1-(R+P+P+P)/P. ©)

The difference between the formulae (6) and (9) is
the following: the Formula (9) defines losses when all
components are taken independently, i.e., for reception
of each component one of the reference signals s (1),
S, 0c(th Sip(t), s, (t) is used. The Formula (6) defines losses
when a reference signal is equal to the linear sum of two
or more components.

The simulation has shown that in general case the
formulae (6) and (9) give a different result. For example,
if GLONASS signals are consolidated by the formula (1),
thus L=0.1835 and L =0.1717. Hence, when receiving the
components separately, the sum accumulated energy is
bigger than when joint reception of the components. It
can be concluded that a sum signal is not considered to
be an optimum reference signal, and the formula (6) gives
an overestimated value of energy losses. Thus, the present
paper determines energy losses by the formula (9).

Table 3 gives the findings of the calculation of energy
L, and amplitude coefficient a for different values of the
P,/P, ratio of the output power of one quadrature pair
of equal power signals to another one. The calculation if
carried out for the case of using the n = 4096 parameter.
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Table 3. The calculation of nonlinear consolidation of two quadrature signal pairs

PJ/P | L,% a PJ/P | L, % a PJ/P | L,% a PJ/P | L,% a

0.01 0.97 | 0.197073 | 0.26 | 13.36 | 0.769662 | 0.51 | 17.26 [ 0.907173 | 0.76 | 18.64 |0.970622
0.02 1.87 | 0.274757 | 0.27 | 13.61 | 0.777985 | 0.52 | 17.35 | 0.910657 | 0.77 | 18.66 |0.972364
0.03 2.71 | 0.331894 | 0.28 | 13.84 | 0.785960 | 0.53 | 17.44 [ 0.914040 | 0.78 | 18.69 |0.974058
0.04 3.51 | 0.378142 | 0.29 | 14.07 | 0.793608 | 0.54 | 17.52 [ 0.917326 | 0.79 | 18.71 |0.975705
0.05 425 [ 0.417317 | 0.30 | 14.28 | 0.800949 | 0.55 | 17.60 | 0.920518 | 0.80 | 18.74 |0.977306
0.06 495 [ 0.451412 | 0.31 | 14.49 | 0.808002 | 0.56 | 17.67 | 0.923621 | 0.81 | 18.76 |0.978862
0.07 561 | 0.481629 | 0.32 | 14.69 | 0.814785 | 0.57 | 17.74 | 0.926636 | 0.82 [ 18.78 |0.980373
0.08 6.24 | 0.508763 | 0.33 | 14.88 | 0.821311 | 0.58 | 17.81 | 0.929568 | 0.83 | 18.80 |0.981841
0.09 6.83 [ 0.533374 | 0.34 | 15.06 | 0.827596 | 0.59 | 17.88 | 0.932419 | 0.84 | 18.82 |[0.983265
0.10 7.39 | 0.555873 | 0.35 | 15.24 | 0.833652 | 0.60 | 17.94 [ 0.935191 | 0.85 | 18.83 |0.984647
0.11 791 | 0.576574 | 0.36 | 15.41 | 0.839492 | 0.61 | 18.00 [ 0.937887 | 0.86 | 18.85 |0.985986
0.12 8.41 | 0.595724 | 0.37 | 15.57 | 0.845127 | 0.62 [ 18.06 | 0.940510 | 0.87 [ 18.86 |0.987283
0.13 8.89 | 0.613519 | 0.38 | 15.73 | 0.850567 | 0.63 [ 18.11 | 0.943062 | 0.88 [ 18.87 |0.988539
0.14 9.34 | 0.630121 | 0.39 | 15.87 | 0.855822 | 0.64 | 18.16 | 0.945545 | 0.89 | 18.89 [0.989753
0.15 9.77 | 0.645662 | 0.40 | 16.02 [ 0.860900 | 0.65 | 18.22 | 0.947961 | 0.90 | 18.90 [0.990925
0.16 | 10.18 [ 0.660254 | 0.41 | 16.16 | 0.865811 | 0.66 | 18.26 [ 0.950312 | 0.91 | 18.90 |0.992056
0.17 | 10.57 | 0.673992 | 0.42 | 16.29 | 0.870561 | 0.67 | 18.31 [ 0.952600 | 0.92 | 18.91 |0.993144
0.18 | 10.94 | 0.686957 | 0.43 | 16.41 | 0.875159 | 0.68 [ 18.35 [ 0.954827 | 0.93 [ 18.92 |0.994188
0.19 | 11.29 | 0.699218 | 0.44 | 16.54 | 0.879611 | 0.69 [ 18.40 [ 0.956994 | 0.94 [ 18.93 |0.995188
0.20 | 11.63 | 0.710837 | 0.45 | 16.65 | 0.883923 | 0.70 | 18.44 | 0.959104 | 0.95 | 18.93 [0.996143
0.21 | 11.95 | 0.721868 | 0.46 | 16.77 | 0.888101 | 0.71 | 18.47 | 0.961156 | 0.96 | 18.94 |[0.997048
0.22 | 12.26 | 0.732356 | 0.47 | 16.87 [ 0.892151 | 0.72 | 18.51 | 0.963154 | 0.97 | 18.94 [0.997900
0.23 | 12.55 | 0.742345 | 0.48 | 16.98 [ 0.896079 | 0.73 | 18.54 | 0.965099 | 0.98 | 18.94 |[0.998693
0.24 | 12.83 | 0.751870 | 0.49 | 17.08 [ 0.899889 | 0.74 | 18.58 [ 0.966990 | 0.99 | 18.94 |[0.999422
0.25 | 13.10 | 0.760966 | 0.50 | 17.17 | 0,903585 | 0.75 | 18.61 | 0.968831 | 1.00 | 18.94 (1.000000

As for power spectrum of the composed signal, Conclusion

its form is strongly depended on the number of the k
frequency. Fig. 4 depicts the case k = 6, for which the
excess of the admitted radiation level in rad. is maximum
and equals 26 dB (this is about by 3 dB more than for
the case of linear summation of signals). However, for the
other k the situation is different. For instance, for k = -3
and k = 0, an admitted radiation level in rad. is exceeded
insignificantly, and for k = —1 and k = -2 is not exceeded.

The present article based on the example of frequency
and code GLONASS navigation signals, the calculation
algorithm of model values of the compound signal
formed by nonlinear consolidation of two quadrature
pairs of signals having any central frequencies of ranges
and any clock frequencies of the modulating sequences
is offered. This algorithm allows one to significantly
simplify technical implementation of NCD.
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Fig. 4. SDPF of the compound L1 GLONASS signal for the number of the frequency of the AP and HP signals k = 6
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Abstract. The estimates of spatial and temporal variations of monthly mean values of the near-surface vertical turbulent fluxes of
sensible, latent heat and impulse, and the atmospheric total water vapor content in the North Atlantic were obtained based on the
data from satellite microwave measurements. The Gulf Stream, Newfoundland, and Norwegian areas, which are characterized by

the highest intensity of ocean-atmosphere heat exchanges, are the focus of this study. The long-term trends in water vapor changes

over these areas were estimated. Some peculiarities of water vapor dynamics were observed in 2010, which manifested as intensive

oil spills in the Gulf of Mexico in the spring of that year, as well as strong summer dryness over the European part of Russia.

Keywords: microwave radiation, brightness temperature, ocean—-atmosphere system, energy active zones, sensible, latent heat and

impulse, near-surface fluxes, water vapor of the atmosphere, radiometers SSM/I and AMSR-E
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Introduction

Even 25-30 years ago when shipboard surveys were
regularly conducted in the ocean, their frequency and
scope were insufficient to solve an array of scientific and
application-specific problems. A recent rapid decrease
of the aforementioned measurements has increased
the role of satellite-referenced surveying of the World
Ocean. Satellite performance capabilities (measurement
accuracy, spatial resolution and, most importantly, on-
orbit life) have been incessantly improving. Modern
satellites perform continuous measurements of the
Earth’s own microwave (MW) radiation with a diurnal
or semidiurnal temporal resolution, thus, providing
specialists with global and continuous meteorological
and oceanographic information. At the same time,
the nature of the tasks has changed from determining
separate parameters of the ocean surface and atmosphere
(ocean surface temperature, near-water wind velocity,
atmospheric water vapor content) based on fragmentary
measurements (obtained by first satellites: Kosmos-243,
Nimbus-5, Kosmos-1056, Kosmos-1151)
satellite estimates to determine their long-term variability
(months, years).

The paper focuses on analyzing the spatial and
temporal variations of monthly mean values of vertical
turbulent fluxes of sensible, latent heat and impulses on
the ocean surface and atmospheric total water vapor

to using

content — all of which comprise climate-forming factors.

The geographical area of research is the North Atlantic
with coordinates 67°N, 95°W — 0°N, 0°W with a focus
on the areas with the most intensive ocean—atmosphere
heat exchanges: the Gulf Stream, Newfoundland, and
Norwegian energy-active zones.

The results of regular measurements were obtained
from the microwave radiometer (MR) SSM/I (Scanning
Sensor Microwave/Imager) on the DMSP meteorological
satellites and the AMSR-E (Advanced Microwave
Scanning Radiometer) on the oceanographic satellite
EOS Aqua. The technical characteristics of these satellites
and their capabilities are presented in [1-3]; primary and
thematic (secondary) processing of satellite measurement
data is described in [4].

Separate findings on the possible usage of data
gathered from satellite MR measurements for analyzing
water vapor fields in the North Atlantic are set forth in
works [5, 6].

Spatial and seasonal variability of monthly
mean fluxes and water vapor in the North
Atlantic

After processing the AMSR-E radiometer
measurements (ascending and descending orbits of
the EOS Aqua satellite) for November 2009 through
December 2010 in the fragment of the North Atlantic
with coordinates 67°N, 95°W — 0°N mean daily values of
the sensible, latent heat and impulse fluxes were obtained.
Subsequently, basing on them flux monthly mean values
with a resolution of 0.25 degrees latitude and longitude
(Figure 1 gives examples of processed data for February
and August 2010) were calculated.

High temporal and spatial variability of all flux types
can be noted in the North Atlantic. The highest flux
intensity is exhibited during summer season, reaching
peak values in July. The tropical zone east of Cuba in
spring—summer seasons, as well as in October-September
is characterized by increased values of this parameter.
This zone belongs to the regions of tropical cyclone
genesis, formation and passage. The seasonal peculiarity
of impulse flux behavior lies in the minimal contrasts
during summer season, whereas during fall-winter
seasons contrasts essentially increase. The sensible heat
fluxes are latitude-dependent: the most intensive fluxes
are in the north of the Atlantic. Their value lowers on
nearing equatorial latitudes.

Figure 1 illustrates a very important result — the
possibility of monitoring the Gulf Stream in the sensible
heat flux field from space with the spatial resolution of
0.25 x 0.25° provided by modern satellite microwave
radiometric instruments.

Satellite estimates of the monthly mean values of
total (sensible and latent) heat flux were compared with
those of the famous OAFlux (oaflux.whoi.edu) archive
in the location areas of ocean weather ship stations
(weather ships) M (MIKE - 66°N, 0.5°W), D (DELTA
- 44°N, 41°W) and H (HOTEL - 38°N, 71°W). These
locations correspond to the Norwegian, Newfoundland
and Gulf Stream energy-active zones. Comparison results
demonstrate agreement between satellite and archive
data.

Figure 2 shows estimates of the monthly mean
values of total atmospheric water vapor content obtained
by processing measurement data from the EOS Aqua
satellite AMSR-E radiometer in 2009 and 2010.

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



20 A.G. GRANKOV, A.A. MILSHIN, N.K. SHELOBANOVA, G.G. YAZERYAN

400 Wim2 [_____ 26 wmz . EE—— O e A Nz
(BT M. 95W)-[0ON. OE) (67N 95W)-(0ON. 0E) (67 M. 95W)-( 0N OE)

February 2010, 0 — 400 W/m? February 2010, 0 — 25 W/m? February 2010, 0 — 0,4 N/m?

IR 206 \W/m2 R e 15 w/m2 EE———ne mmm 15 Nim2
(67N, 95W)-[ON, OE) (67N, 95W)-(0N. OE) (67 M. 95W)-[ON. OE)

August 2010,-50 — 225 W/m? August 2010, 0 — 15 W/m? August 2010, 0 — 0,15 N/m?

Fig.1. Spatial distribution of latent (a), sensible (b) heat fluxes and impulse (c) in the North Atlantic in 2010 according to AMSR-E
radiometer data.
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Fig.2 Spatial distribution of monthly mean values of total atmospheric water vapor content in the North Atlantic: (a) in 2009
(b) in 2010.
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The picture of water vapor distribution in the North
Atlantic is noticeably “striped” (delimited by latitudes).
Figure 2. shows that the distribution has a well-defined
latitudinal pattern (atmospheric humidity increases from
lower latitudes to higher ones) and, yet, this parameter
is highly contrasting as it varies from 15 to 55 kg/m?
depending on the geographical latitude and season.

Interannual atmospheric water vapor
variations in energy-active zones of the
North Atlantic

The estimates of monthly mean atmospheric
total water vapor content in the North Atlantic with a
0.25 latitude and longitude spatial resolution over the
period 1988 - 2011 were obtained on the basis of the results
of processing AMSR-E radiometer measurements over
the period 2002-2011, supplemented by measurements
of the radiometer SSM/I during the period 1988 - 2001.
The temporal dynamics of water vapor in energy-effective
zones M, D and H are given further in more detail.

Figure 3 gives monthly mean atmospheric total water
vapor content values in North Atlantic zones M, D and H
from 1988 to 2011 received in different years from SSM/I
and AMSR-E radiometers

35
30
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20
15 1
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The illustration shows a noticeable effect of increasing
water vapor quantity during these years that is clearly
observed in zones D and H.

The increase of mean annual values of atmospheric
water vapor content in the period 1996 - 2005, for
example, in zones M, D, H amounted to 1, 1.1 and 1.5 kg/
m? respectively. For the sake of comparison, we shall note
that according to recent estimates received from GOME-
SCIAMCHY (Global Ozone Monitoring Experiment-
SCanning Imaging Absorption spectrometer for
Atmospheric CHartographY) and HOAPS (Hamburg
Ocean Atmosphere Parameters and Fluxes from Satellite
Data) global variations of atmospheric water vapor
during this period [7] were equal to 0.3-0.5 kg/m®.

When evaluating global water vapor variations,
probably, smoothing out the influence of such dynamic
and contrasting, yet local, zones of the World Ocean,
such as the energy-effective zones of the North Atlantic,
the El Niflo zone in the Pacific Ocean and others, plays a
certain role.

Figure 4 illustrates mean interannual water vapor
value variability in the Gulf Stream and Newfoundland
energy-active zones over the period 1992 — 2011

5 . 1 L 1 N | .I T 1
1988 1990 1992 1994 1996

1998

2000 2002 2004 2006 2008

Fig.3 Long-term changes of monthly mean atmospheric total water vapor content values Q in North Atlantic zones H (1), D (2),
M (3).
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Fig.4. Variations of atmospheric total water vapor content in
the Gulf Stream (1) and Newfoundland (2) energy-active zones
of the North Atlantic during 1992-2011.

Zones H and D stand out in the illustration and
are characterized by a sharp decrease of water vapor in
2010 (at the time of large oil spills in the Gulf of Mexico).
The reduction of ocean surface evaporation in the Gulf
Stream energy-active zone and the decrease in heat
transfer to other zones in the Gulf Stream area explain
this observation.

Conclusion

The main results obtained by analyzing AMSR-E and
SSM/I radiometer measurement data:

1. The possibility of monitoring the Gulf Stream and
its spatial/temporal variations in the sensible heat flux
field from space with the spatial resolution of 0.25 x 0.25°
was demonstrated.

2. An increase of monthly mean values of the
atmospheric total water vapor content in the Gulf Stream,
Newfoundland and Norwegian-Greenlandic energy-
active zones of the North Atlantic from 1998 to 2011 was
shown.

3. A sharp decrease of atmospheric total water vapor
content in 2010 during intensive oil spills in the Gulf of
Mexico in the spring, as well as strong summer dryness
over the European part of Russia was discovered.

Therefore, radiometer scanners, such as the SSM/I
and AMSR-E radiometers, are capable of serving as
effective instruments for studying climate-forming
factors: long-term spatial and seasonal variability of
vertical turbulent heat, vapor and impulse fluxes on the
ocean surface, atmospheric total water vapor content.
This, in its turn, confirms the indispensability of space
methods and Earth remote sensing systems in solving
problems of hydrometeorology and climatology.
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Abstract. The paper presents the results of modernization and the metrological characteristics of the Kameliya measuring complex
of JSC “Russian Space Systems”, as well as the methodological aspects of spectral-energetic calibrations of optoelectronic ERS
equipment and the results of a brightness distribution study of the ribbon filament body of the TRU 1100-2350 lamp in operating
mode. Optical circuits for measuring the spectral characteristics of optoelectronic ERS equipment, optical elements and blocks
based on the Kameliya measuring complex are presented. The carried out work provided the possibility of obtaining the relative
spectral characteristics of not only multi-zone scanning devices, but also measurements of transmission and reflection spectra
of optical elements (spectral filters, mirrors, lenses) and optical units of remote sensing equipment in the wavelength range
A = 0.4-14 pym. In addition, a method has been developed for measuring the spectral characteristics of optical radiation sources
(A =0.4-14 um) and the results of the study of the brightness distribution of the filament of the TRU 1100-2350 lamp are presented.

Keywords: metrological characteristics, calibration, multispectral scanning device, measuring complex, spectral characteristic,
optical layout, spectral radiance (SR)
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Introduction

Radiometric measurements obtained with the help of
Earth remote sensing (ERS) equipment are most relevant
in such applications as:

e weather analysis and weather forecasting on a
regional and global scale

e analysis and forecasting of the state of the seas and
oceans

e analysis and forecasting of conditions for aviation
flights

e detection and control of natural and man-made
disasters and emergencies

e ecological control of the environment

the

and Dbioresource

e censuring global monitoring in interests

of meteorology, climatology,
assessment.

The expansion of the nomenclature of multi-zone
scanning devices (MSD) for hydrometeorological
purposes (MSU-GS [1], MSU-MR [2], MSU-SR-M,
MSU-MR-MP, MSU-O, RIVR) under development at
JSC “Russian Space Systems”, the increase in the number
of flight models and in the pace of improvement of ERS-
equipment design features dictate the corresponding
development rates of the reference, experimental and
stand, as well as, regulatory and methodological bases.

The demand for improvement of the hardware-
methodical complex of metrological support and MSD
radiometric parameter monitoring is conditioned by the
following reasons:

e increase in radiometric accuracy, resolution and
field-of-view of advanced ERS optical electronic
equipment

e improvement of existing measuring tools and the
creation of fundamentally new ones for assessing
MSD characteristics

e the need to develop uniform, certified in accordance
with metrological rules and standards, means
and methods for calibrating and controlling MSD
parameters

e the need to develop a system for ensuring unity
and the accuracy required for the reproduction and
transmission of differential quantities of multispectral
and integrated optical radiation in the context of
national standards and conditions of MSD standard
operating in space.

The MSDs being developed at JSC “Russian Space
Systems” produce high quality multizone video images
in the wavelength range A = 0.4-13.5 um and undergo
a ground-based radiometric calibration procedure.
The procedure is necessary for the measurement of
absolute values of effective radiance (ER) of objects L,
(1) in the visible and near-infrared (IR) spectral range
(A = 0.4-2.5 pm) and of ER and radiation temperature in
the thermal IR range (A = 2.5-14 um) for each spectral
channel of the equipment.

Lo = [ LS, (A)dA, twi(sem)] W
0

where Lneﬁ“ is the ER of the object, measured in
channel n; L()) is the spectral radiance (SR) of the object;
S (A) - the relative spectral sensitivity of the MSD channel 7.

MSD radiometric calibration is understood to be
the procedure of forming a conversion characteristic for
every spectral channel as the dependence of the output
signal on the ER or the equivalent radiation temperature
of the reference emitter (with account for the specified
accuracy).

In accordance with the requirements of international
documents [3] for advanced ERS radiometric equipment,
it is required to ensure an ER measurement error of no
more than 5% in the A = 0.4-2.5 um range and an absolute
radiation temperature measurement error of 0.1-0.5 K in
the range A = 2.5-14 um.

Metrological characteristics of the

modernized complex Kameliya

The radiometric complex of JSC “Russian Space
Systems” consists of:

1) the Kameliya measurement complex (Figure 1)
engineered for the calibration of the monochromatic
illuminant, diffuse illuminant and MSD, as well as for
spectral characteristic measurement in the wavelength
range A = 0.4-2.5 (included in the State Register of
Measuring Instruments and is checked annually by
VNIIOFI as a reference measurement instrument);

2) IR measurement complex intended for radiometric
calibration of MSD and measurement of spectral
characteristics in a A = 2.5-14 pm range.
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Fig. 1. The Kameliya measurement complex.

Currently, the metrological base of JSC “Russian
Space Systems” for MSD development has been
modernized.

The main areas of modernization, aimed at increasing
radiometric calibration accuracy, are:

1) a class ISO8 clean room with antistatic protection
of workplaces and automatic maintenance of the preset
temperature (22 + 2°C, adjustable from 18 to 25°C) and
humidity (50 + 10%) was certified and put in service
in the assembly, adjustment, calibration and testing of
optoelectronic equipment sections;

2) two digitally controlled modern monochromators
in a subtractive configuration DM55S (A = 0.4-2.5 pm)
and MS257 (A = 0.4-14 um) were put into operation as
part of the modernized Kameliya complex;

3) a program controlling
monochromators and data which
allows to automate the process of measuring spectral
characteristics, has been developed. This considerably
increases the capability for receiving and processing
results along with reducing the random component of
measurement errors;

4) the upgraded Kameliya complex has been
certified and a pattern approval certificate for measuring
instruments RU.E.377.A  No. 55245, registration
No. 57492-14 has been received (the metrological
characteristics are set forth in Table 1);

5) an optical circuit with a maximum clear aperture
of 230 mm for taking spectral characteristics of MSD in
the range A = 2.5-14 pum, where a model of an absolutely
black body (ABB) type 67033 with a temperature range
from +50°C to +1050°C (stability of +0.02% in 24-hours)
has been implemented;

universal for

accumulation,

Table 1. Metrological characteristics of the Kameliya complex,
according to the results of the last calibration

Characteristic Characteristic value

Wavelength range, pm 0.4-2.5

Absolute value of spectral radiance of
the diffuse illuminant at the wavelength
0f 0.98 um, W/(sr-m?)

5.3-108

Maximum clear aperture of radiant

flux, mm 230

Relative error in the results of
measuring the absolute value of
the spectral radiance of the diffuse
illuminant at the wavelength of
0.98 um, %

Relative error in the results of
measuring the relevant distribution
of spectral radiance of the diffuse
illuminant in the wavelength range
from 0.4 to 2.5 um, %

Relative error in the results of
measuring relative spectral distribution
of radiation from a monochromatic
illuminant in the wavelength range
from 0.4 to 2.5 pm, %

6) optical circuits and methods for measuring relative
spectral characteristics of transmission and reflection of
optical elements and blocks, as well as of optical emission
sources in a spectral range of A = 0.4-14 pm, have been
developed;

7) a large-size temperature simulation chamber with
a nitric environment (with an operating volume of 16 m*
and an operating temperature range inside the chamber
from +5°C to +35°C) for MSD radiometric calibration
and for testing the impact of environment temperature
changes on equipment has been commissioned and
certified.

Methodological aspects of spectral-
energetic calibrations of optoelectronic
ERS equipment. Measurement of relative
spectral characteristics in the wavelength
range of A = 0.4 - 14 um

Figure 2 presents the typical optical schemes for
measuring MSD spectral parameters based on the
Kameliya measurement complex (Figure 2a: 1,3 — planar
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Fig. 2. Optical schemes of relative spectral characteristic measurements obtained by the Kameliya measurement complex.

mirrors, 2 — spherical mirror) (f = 1300 mm) and on the
measurements of spectral characteristics of transmittance
of optical elements and units (Figure 2b: 1 - planar
mirror, 2 - spherical mirror (f= 1300 mm), 3 - spherical
mirror (f = 2009 mm)).

Calibration of the monochromatic illuminant (MI)
and MSD is carried out according to the measurement
scheme given in Figure 2a.

According to the measurement scheme given in
Figure 2b, two types of measurements are performed:
illuminant calibration against a reference receiver and
measurement of the transmission coeflicient of optical
elements (units).

Currently, the techniques for measuring the spectral
characteristics of reflection of optical elements (for
various angles) and sources of optical radiation in the A =
0.4-14 um spectral range have been implemented.

The monochromatic illuminant (MI) consists of the
following elements: a TRU 1100- 2350 lamp (used for
the A = 0.4-2.5 pm range) or a type 67033 ABB model
(used for A = 2.5-14 um range) as sources of radiation.
They are connected with the help of a deflecting mirror, a
condenser and a double monochromator of a subtractive
configuration with digital control MS257 (spectral range:
0.4-14 pum).

In order to properly exclude the MI spectral
characteristics together with the layer of air and to
minimize measurement errors, it is necessary to provide

the same optical path length for both stages: (MI + MSD
measurement, Figure 2a) and (MI + reference receiver
measurement, Figure 2b). Concurrently, the stability of
measurement conditions (temperature, humidity and
atmospheric composition (especially for the IR range)) is
to be ensured.

In Figure 3, the results of measuring the spectral
characteristics of one of the cut filters in the IR range of
the spectrum A = 8.0-9.5 um, carried out in accordance
with the scheme in Figure 2b, are given as an example.

1
0.9

0.8 N
0.7

0.6 \
0.5

0.4 \\

0.3

0.2 A

0.1 .

0

Transmittance
Absolute unit

8§ 8.1 82 8384 8586 878889 9 9192093094095
o pm

Fig. 3. Example of one of the cut filter’s spectral characteristic

in the IR range of the spectrum A = 8.0-9.5 um, obtained with

the use of the Kameliya measurement complex in the IR range
of the spectrum A = 8.0-9.5 um.

Such measurements (carried out in accordance with
the scheme in Figure 2b) in the IR range of the spectrum
(A = 3.0-14 pm) have been made for each of the seven

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



METROLOGICAL AND METHODICAL ASPECTS OF SPECTRAL-ENERGETIC CALIBRATIONS 27
OF OPTOELECTRONIC ERS EQUIPMENT

IR channels of the fully manufactured MSU-GS beam
splitting unit [1] (for the Electro-L No. 2 spacecraft). Also,
the spectral characteristics (obtained in accordance with
the scheme in Figure 2a) for all six channels (including
IR channels) of the fully manufactured MSU-MR (for the
Meteor-M No. 2 spacecraft [2]) have been received.

Figure 4 gives the relative spectral characteristics
of one of the Al-based reflective coatings for various
angles of reflection (10°, 45° and 60°) received with the
use of the Kameliya measurement complex (with the
implementation of an additionally designed instrument)
in the IR range of the spectrum A = 8.0-11.0 um.

1 -
0.9 T ===
0.8 N — _
0.7 [ 450 77

06 T
05
04
03 1
02+
01 f
0

60°

Reflection coefficient, Relative unit

80 82 84 86 88 9.0 92 94 9.6 9.8 10.010.2 10.4 10.6 10.8 11.0
A, pm

Fig. 4. Example of the spectral characteristics of one of the types

of Al-based reflective coatings for different angles of reflection

(10° 45° and 60°) obtained with the help of the Kameliya

measurement complex in the IR range of the spectrum
(A =8.0-11.0 um).

As the conducted studies show, the dependence of
the spectral characteristic type of the reflective coating
on the angle of reflection (Figure 4) in the IR range of
the spectrum is explained by the absorption of the

protective coating usually applied to Al mirrors. Despite
the dielectric protective coating being amorphous, the IR
vibrational spectra carry information about the short-
range order of the atomic structure, which determines
lattice absorption. In the case of normal incidence, only
transverse optical phonons are recorded, whereas, in the
case of oblique incidence, transverse and longitudinal
phonons are recorded [4, 5]. The research results have
demonstrated that, when choosing the reflective coating
for mirrors designed to work at angles of more than
15° (deflecting and scanning mirrors for the IR range A
= 3-14 um), the chemical composition, manufacturing
technology, and thickness of the protective coating must
be carefully considered to avoid dips in the value of the
reflection coeflicient in some wavelength ranges. Such
dips substantially lower the quality of the optical path of
infrared devices.

In Figure 5, of the
characteristics in the range A = 400-2500 pm of a
miniature halogen lamp with a rated power of 5 W (U
=12 V) for two different supply voltages (10 V and 6 V)
is given.

measurements relative

Lamp filament brightness distribution of a
TRU 1100-2350 lamp in operating mode

Absolute measurements of spectral radiance (SR) in
the wavelength range A = 0.4-2.5 um during calibration
of the diffuse illuminant (DI) from the Kameliya complex
are carried out with the use of a reference TRU 1100-2350
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Fig. 5. Examples of relative spectral characteristics of radiation of a miniature halogen lamp with a rated power of 5 W (U =12 V).
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lamp (GOST 8.195-89 first category working standard),
which is annually checked by VNIIOFI. The analysis of
literature has shown the inconsistency of data on the
distribution of brightness over the area of the ribbon
lamp filament [6, 7].

The working area of the ribbon lamp filament of a
TRU 1100-2350 is located opposite the pointer, facing the
lamp envelope window (total ribbon size 2.8 x 20 mm).
The limits of the working area are a distance of £1 mm
from the horizontal axis of the ribbon lamp filament,
passing through the end of the pointer in accordance with
the TU 16-546.108-76 technical specifications. In view of
the strict requirements for the accuracy of SR absolute
measurements, it is necessary to know how uneven the
distribution of brightness across the lamp filament is.

Figure 6 illustrates a scheme for measuring the
variance of lamp filament brightness. First of all, a laser
module (operating at the wavelength X = 637 nm) is
installed behind the monochromator (MCh) entrance
slit (opposite the center of the slit — Figure 6, laser). The
entrance slit of the monochromator is limited in width to
0.6 mm and in height - to 0.5 mm.

/_\ spherical mirror

MX
ACTON
DM55S
SP 2500

| | laser/
photodiode

planar
mirror 1

TRU 1100-2350 lamp

&

planar
mirror 2

Fig. 6. Scheme for measuring the relative distribution of
brightness across the area of a TRU 1100-2350 lamp filament.

After setting the monochromator wavelength to A =
637 nm, the spot is aimed at the center of the mirrors
horizontally and vertically (planar mirrors 1 and 2,
spherical mirror) by adjusting the position of the mirrors
and placing the laser spot in the center of the filament,

Image of
monochromator
slit (analyzed

Filament

Current-carrying
electrodes

Fig. 7. Image of the monochromator slit in the plane of the
filament during laser beam exposure (A = 637 nm).

Later, the laser is turned on and a SZU 1337-1010BR
photodiode (PD) is installed behind the exit slit of the
monochromator (the laser module is not moved). The
TRU 1100-2350 lamp is turned on (the rated current is
25 A +0.001 A) and the PD signal for a set point on the
filament for A = 980 nm (maximum SR for DI) with the
help of an AGILENT 34401A multimeter. Analogous
measurements are conducted at four more points of the
filament body horizontally, and for each such point there
are four more vertical points secured via shifting the laser
light spot by movements of the lamp (Figures 8, 9).

0.7mm
y )
. 2mm
Index | .
S — L ] 0 & L 2 N
. 20mm
h
2.8mm

Fig. 8. Position of points for measuring the brightness across
TRU 1100-2350 lamp filament.
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Fig. 9. Relative brightness distribution of TRU 1100-2350 lamp filament: (a) over ribbon width at index level, along axis
X (Y = 0); (b) over ribbon height, along central Y axis (X = 0).

The obtained data reflects the existing non-
uniformity of brightness along the vertical axis Y of the
lamp filament body (about 8% for the measured area of the
filament body, Figure 8, Figure 9b), while the brightness
decreases in the direction from the top of the ribbon to
the bottom. In the working area opposite the index along
axis X, the non-uniformity is no more than 3% for the
total width of the ribbon (Figure 8, Figure 9b), while the
maximum brightness corresponds to the central point
along the width of the ribbon.

Thus, the

demonstrated that implementing the given method and

conducted measurements have
taking into account the measured brightness distribution
near the working area of the lamp filament ensure the
absolutizing of the DI. This is achieved by transmitting
the SR from the reference TRU 1100-2350 lamp with high
accuracy owing to the capability to position on the center
of the working area of the lamp filament with an accuracy
of no less than +0.5 mm.

Conclusion
The results of modernizing the Kameliya
measurement complex and the development of new
methods of measuring spectral-energetic characteristics
of optoelectronic ERS-equipment presented in the paper
have ensured the practical implementation of optical
circuits for taking the relative spectral characteristics of
MSD. These methods have also proved to be adequate for
measuring the transmission and reflection spectra (for
various angles) of optical elements and optical blocks or
ERS equipment in the range A = 0.4-14 um.

The new capabilities of the Kameliya complex have
provided measurements for each of the seven IR channels
of the fully manufactured light-splitting unit MSU-GS [1]
(for the Electro-L No. 2 spacecraft), as well as for all six
channels (three IR-channels) of the fully manufactured
MSU-MR [2] (for the Meteor-M No. 2 spacecraft).

Apart from that, a method for measuring the spectral
characteristics of optical emission sources (A = 0.4-
14 um) in the range \ = 2.5-14 pm with the help of which
the emission spectra of halogen lamps, light-emitting
diode sources, gas discharge lamps were measured, has
been developed.

Further upgrading of the Kameliya radiometric
complex of JSC “Russian Space Systems” depends on the
overall state of the metrological base in the space industry
and in the country as a whole. The creation of advanced
reference, measurement and testing equipment, especially
in the IR part of the spectrum, as well as the development
of a corresponding regulatory framework for competitive
ERS equipment, which is an important government task,
requires organizational decisions and financial support
on a regular basis.
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Abstract. The paper deals with a new compact UHF power divider with decoupling between inputs, the amount of which may
be chosen from 1 to 4, and a number of outputs can vary from 2 to 4. The input signal is fed to the one of the inputs and divided
into equal parts between the outputs. Transmission factor from one of the inputs to any output independent of the number of the
outputs does not exceed 6.8 dB. The power divider is implemented on four Lange bridges, which in the plane form the square. The
construction of the model and experimental results are presented in the C-band. The power divider is successfully used in UHF
units of the cross reservation for the onboard equipment of a command and measurement system.
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Introduction

To ensure a long active service life of the onboard
equipment of spacecraft, it is required to unite up to
four UHF devices by means of compact devices of cross
reservation to provide decoupling between the inputs
in the reserved group. Such devices are passive power
dividers.

The power dividers of n x m made according to the
binary scheme [1] are known. The dividers of this type
are synthesized employing basic elements including a
directed coupler, phase shifters, attenuators, etc. [2].
Disadvantages of such solutions are in the excess quantity
of basic elements, restriction of the width of an operating
band, complexity of coordination, and non-optimal
mass-dimensional characteristics.

To apply spacecraft in the onboard equipment of a
command and measuring system (OE CMS), it is required
to use power dividers up to the power divider 3 x 3.
Development of such power divider, which would allow
one to employ it in the separate case or integrally as a part
of the UHF device is expedient, as well as such device
would possess the minimum losses, a good decoupling
on inputs and outputs applicable to in the set frequency
bands, and have the minimum dimensions and weight.

In a power divider 3 x 3, the defects peculiar to the
dividers created according to the binary scheme that
provides increase in number of the decoupled inputs up
to four and decoupled outputs up to four are eliminated.
It is especially important at coupling of the antenna-
feeder device with receivers, when about 3 antennas with
redundant low noise amplifiers and triplex receiving-
transmitting devices are used. Multipolar distributors of
UHF power, for example, 3 x 3, are used in OE CMS for
cross reservation of triplex sets of receiving-transmitting
devices and power amplifiers.

1. Power divider

Fig. 1 depicts the electric circuit of a power divider for
the OE CMS [3] where 1, 2, 3, and 4 are the designations
of the microstrip directed coupler with communication
3 dB. Microstrip pieces of the coupled lines 1 and 3 are
coupled to the inputs 1, 2, 3, or 4, and microstrip pieces
of the coupled lines 2 and 4 are coupled to the outputs 1,
2, 3, and 4, respectively.

Figs. 2—4 illustrate block diagrams of power dividers
4 x 4, 4 x 2, 3 x 2 representing modifications of the
scheme 4 x 4.

Input 1 (Output 1) Input 2 (Output 2)
Output 3 {Input 3) 1 QOutput 1 (Input 1)
wgn 5

ngn
)4 \Egtput 2 (Input 2)

QOutput 4 {Input 4) \
Input 3 (Output 3) & Input 4 (Output 4)

Fig. 1. The power divider 3 x 3

Input 1 (Output 1) Input 2 (Output 2)

Output 1 (Input 1) R1

/—CH

. R2

( \ Input 4 (Output 4)
Input 3 (Output 3)

Fig. 2. The power divider 4 x 4

Output 2 {Input 2)

Generally, the divider 4 x 4 is for splitting of signal
power given on one of four inputs on four outputs. Thus,
at the outputs “Output 17, “Output 2”, “Output 3”, and
“Output 47, there are signals weakened by 6 dB in relation
to the power of the input signal P, (without losses at the
coupled lines 1, 2, 3, 4). The same way when giving a
signal P, on “Input 27 or on “Input 3% or on “Input 47 at
the outputs “Output 17, “Output 27, “Output 3, “Output
47, there will be the signals weakened by 6 dB in relation
to the signal power P . The submitted scheme of a divider
4 x 4 provides decoupling between the inputs “Input 17,
“Input 27, “Input 37 and “Input 47, and also between
the outputs “Output 17, “Output 27, “Output 37, “Output
4, not less than 20 dB. Thus, the possibility to use this
divider operating according to the scheme 4 x 4 to
ensure reservation of the onboard UHF equipment of
spacecraft, in particular, a power amplifier of in OE CMS

is confirmed.
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Fig. 3. The power divider 4 x 2
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Fig. 4. The power divider 3 x 2

4 3
Fig. 5. The configuration of Lange bridge.

When coupling to one of the inputs of a power
divider of the coordinated loading, the scheme 3 x 4 is
implemented, and when coupling of the coordinated

loadings to other ends of Lange bridges, it is possible
to create other dividers: 4 x 3,3 x 3,3 x 2,2 x 3. It is
possible to create dividers 2 x 2 and 1 x 2, however for
their realization there are more compact schemes.

The originality of a design of the offered power
divider is in use of Lange bridges which existence of
crossing of pieces of coupled lines in their middle, as
shown in Fig. 5 is characteristic.

This property of Lange bridges has allowed one to
realize a compact power divider with four Lange bridges
located one in relation to next to it at right angle.

2. Simulation and experimental research of
a power divider

When simulating a power divider 3 x 3, possible
dispersions of parameters of ceramics and also dispersion
of parameters of structural elements of the whole divider,
including the form and length of the bridles connecting
the corresponding conductors were considered.

Simulating was carried out for the substrate of the Polikor
material with the characteristics of £ =9.6+0.2, tgd =107,
thickness h = 1 mm. At production of a printed circuit
board, technological “constriction” of metal conductors
was no more than 10 microns per side.

The appearance of a power divider is shown in the
Fig. 6.

Fig. 6. The appearance of the power divider 3 x 3.

Production of a divider 3 x 3 placed in a separate
tight case was made according to standard manufacturing
techniques of plates of the UHF devices. Resistance of the
spray ballast R1, R2 resistors was regulated by means of
the laser.
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Research data of the parameters of the built power
dividers 3 x 3 are presented in Fig. 7-10. We can see
that characteristics of power dividers 3 x 3 have an
insignificant resonance frequency shift that is explained
by the difference of ¢ from its nominal rate and a
technological backlog on “constriction”

Transmission factor, dB
0

2=

1and 3

-10 I T -
3 32 34 k13 38
Frequency, GHz

Fig. 7. Dependency of transmission factor in the power
divider 3 x 3 on frequency: 1 is from the input 1 to the output 2;
2 is from the input 1 to the output 3; 3 is from the input 2
to the output 3.

VSWR
15

YAKHUTIN, S.V. AVRAMENKO

e VSWR of inputs or outputs is no more than
1.15dB.

The measured electric characteristics of power
dividers 3 x 3 validate the choice of parameters of a
mathematical model and coincide well with the results
of calculation.
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Fig. 9. Dependency of transmission factor (Kp) between the
inputs of the power divider 3 x 3 on frequency: I is between
the inputs 1 and 2, 2 is between the inputs 1 and 3,

3 is between the inputs 2 and 3.

Transmission factor, dB
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-10
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Fig. 8. VSWR Dependency of the inputs 1, 2, and 3 of the
power amplifier 3 x 3 on the frequency.

As a result of the research, the values of key
parameters of a divider are received:

e transmission factor from the input to the output
is no more than -6.8 dB;

e decoupling between inputs and outputs is not
less than 23 dB;

3 32 34 36 38
Frequency, GHz
Fig. 10. Dependency of transmission factor (Kp) between the
inputs of the power divider 3 x 3 on frequency: I is from the
output 1 to the output 2, 2 is from the output 1 to the output 3,
3 is from the output 2 to the output 3.

Conclusion

The results of development of the compact power
divider of the C-band capable to work with the number
of inputs and outputs from 2 to 4 are shown. The feature
of the design and the reached experimental parameters
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allow one to use it both as a self-contained unit and as a
component of the power amplifier of OE CMS as a device
for cross reservation.
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Abstract. The article justifies and sets the task to develop the algorithms of information processing in onboard radio telemetry
systems (RTS), which will define:

o the presence of redundancy of information from the sensors and its reduction;

o the redistribution of information packets from the sensors in transfer frames of onboard RTS in case of emergency.

The redundancy indicator of the information stream in onboard RTS is described. Based on the offered earlier adaptive difference
algorithm (ADA) [1, 2], which allows one to eliminate redundancy resulting from the erroneous choice of measurement scale,
an adaptive difference algorithm with decimation (ADAD) is developed. This algorithm makes it possible to reduce redundancy
caused by the increased sampling frequency. The ADAD cumulative maximum redundancy reduction factor is formed by
multiplication of the compression factor of the ADA and the maximum decimation factor.

Keywords: onboard processing of measurement results, reduction of data redundancy, information packet, onboard radio
telemetry system
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Introduction

Anytype of time-division multiplex system and pulse-
code modulation (PCM) telemetry systems, in particular,
according to their definition, require the discretization of
the original signal before its transmission. The assumed
model of the sampling process comes down to quantizing
an analog signal by duration with a uniform frequency
that is defined by the duration considered to be short
in comparison with the amplitude-modulated signal
sampling frequency.

The discretized function (discrete original signal)
de facto exists only at moments in time that coincide
with the moment of analog signal quantizing. For this
reason, the function cannot be ideally restored by linear
approximation of selected points. If the repetition
frequency of sampling values is high enough when
compared to parameter dynamics, then it is possible to
accurately restore the waveform and preserve its essential
characteristics.

Moreover, theadvantage of transmittingband-limited
signals lies in the possible usage of the theorem known
as the discrete representation theorem, which defines
the conditions for determining the correct sampling
frequency for sensor output signals. The theorem is also
known as the Nyquist theorem, Kotelnikov theorem,
sampling theorem.

According to this theorem, limited bandwidth signals
(B) in the case of their discretization every ¢ seconds can
be correctly restored using the following inequality: ¢ £ 1/
(2B), where B is the signal bandwidth limit. [3]

In other words, if a function in interval T does
not contain frequencies exceeding 2W Hz, then it is
completely determined by its instantaneous values of the
1/(2W) period with [4].

In telemetry, redundancy of the quantity of samples
during data transmission is embedded at the time of
parameter sampling frequency assignment, taking into
account the a priori information regarding the signal
intended for transmission through a communication
link.

Initially, the so-called “compression ratio” (calculated
as the ratio of the amount of original samples to the
amount of samples at the output of the data compression
device) was chosen to characterize the efficiency of the
data compression algorithm in question. Nevertheless,
soon it was understood that the data compression ratio
is not solely dependent on algorithm efficiency — it is

determined by the initially assigned parameter sampling
frequency and by the waveform in the given time interval.
In other words, the compression ratio, calculated as
stated above, does not unambiguously characterize the
data compression algorithm, as well as the choice of an
efficient data compression algorithm and the classification
of compression algorithms by efficiency.

Another condition for the study and comparison
of data compression algorithms: the assumption that
the analytic representation of the signal subject to the
procedure of compression is a priori known — which is
not the case when solving practical problems of rocket
telemetry. Moreover, during emergency phases of flight
the behavior of telemetry parameters is not stationary,
which curtails the implementation of the statistical test
method for choosing an effective data compression
algorithm. [4]

Sampling rate of analog sensors of slowly
changing parameters (SCP)

In [5] is noted that the sensors of the propulsion
system are usually sampled with a 50 Hz and 100 Hz
frequency. Yet, in order to receive information on the
behavior of the engine in an emergency, the sampling
frequency of the corresponding sensors should be
increased up to 200400 Hz.

For increasing the sampling frequency of some
sensors, parallel connection of one sensor output to
several inputs of the message collection subsystem
[6] can be used. In this case, the sensor measurement
samples may be non-uniform. This is conditioned by
the fact that the sampling cycle of the local switch (LS)
is 5 ms and the framing cycle is 10-20 ms. This should
be accounted for in the system operation algorithm when
inserting information into the output frame from the
buffer (“mirror”) of the message collection subsystem in
accordance with the measurement program.

The research set forth in [7] demonstrated that the
sampling rate in LSs of analog sensors (LSA) could be
increased by 2-4 times by way of selection of elements in
the buffer cascade for reducing the time of the channel-
switching transient. Thus, the maximum sampling
frequency for analog sensors may be increased to 400 Hz
or 800 Hz.

Still, with existing methods of placing sensor status
information in transfer frames, for most sensors, increased
sampling rates are useless because framing cycle duration
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is already longer than the LSA sampling cycle by four-
fold. In other words, the cumulative information content
of all of the LSs is considerably higher than that of the
radio channel. Currently for coordinating the information
content of the message collection subsystem (MCS)
(i.e., the aggregate of all of the LS) and the information
content of the radio channel only a limited amount
of interrogation programs is used. These programs
determine the location in the frame and the sampling
rate (repetition rate in frame) of every sensor. However,
in the case of abnormal item operation, a higher sampling
rate may be required for a sensor with a low frequency
specified in the interrogation program because, after all,
it is impossible to foresee every situation. Thus, arises the
necessity to develop information-processing algorithms
for onboard RTS that are to determine:

o the presence of redundancy of information from
the sensors and its reduction;

e the redistribution of information packets from
the sensors in transfer frames of onboard RTS.

The principle of forming the information
stream redundancy parameter in onboard
RTS

The telemetry system collects information from
many sensors. Analog sensors make up the largest part
(53% - 84%) of the information content of the information
stream from the onboard RTS to the Earth. [1] An analog
sensor switch usually has one analog-to-digital converter
(ADC) for 64 sensors and all of them are sampled
in turn with an equal frequency. The received data is
transmitted to the buffer memory of the system central
unit. The unit, in accordance with the programmed
interrogation program, generates the output frame of the
onboard RTS. When such a data generation method is
implemented, information redundancy will be present in
some channels, considering that not all channels require
the same sampling frequency. Partially, this redundancy
can be compensated for by decimating the information
incoming into the buffer from some sensors at the time of
system output frame generation.

In [1, 2] for reducing information redundancy
from analog sensors the use of the adaptive difference
algorithm (ADA) is suggested. It is a cumulative algorithm
with packet data transmission. Fixed-sized packets are
transmitted. Data is compressed by transmitting not

the measurements themselves but by transmitting the
differences between adjacent samples. At the same time,
value A is formed, which is the maximum amount of bits
that the difference between adjacent samples occupies
within one packet during algorithm operation.

This value A is the information redundancy factor for
inputs with less dynamic signals. Due to this, it is possible
to implement selective decimation of information for
inputs with less dynamic signals from sensors and use
the newly available information content to transmit
information from sensors with higher signal dynamics.
This will lead to a proportional to the decimation factor
increase of the maximum compression ratio.

Adaptive difference

decimation

algorithm with

As it can be seen from [1], the ADA eliminates
redundancy when sampling a sensor at one frequency
with a compression ratio of no more than four (4). The
decimation algorithm eliminates redundancy with a
factor equal to the ratio of the maximum and minimum
sampling frequencies. Combining these algorithms will
give an even higher redundancy elimination factor. Now,
we turn our attention the adaptive difference algorithm
with decimation (ADAD).

Assuming that the sampling frequency is always equal
to 200 Hz, the minimum frequency of information output
from sensors during decimation is equal to 12.5 Hz, i.e.,
the decimation factor is taken to be 16. The size of the data
portion of a packet is equal to 16 bytes; ADC capacity —
8. The results of ADAD algorithm implementation are as
shown in Table 1. Nine steps comprise a full ADAD cycle.

The first seven steps correspond to the full cycle of the
ADA algorithm, coefficient A is calculated with respect
to two adjacent measurements of a single parameter that
are carried out with the frequency of 200 Hz. At first,
16 measurements are accumulated, the condition A
< 7 bits is checked. If the condition is not met, then 16
measurements without compression are placed into the
information packet. If the condition is met, then the
accumulation of measurements continues.

After accumulating 18 measurements in the second
step, the condition A < 7 bits is checked first. If the
condition is not fulfilled, the packet formed during the
first step is issued and the algorithm returns to step
one. If the condition is fulfilled, then the specifying
condition A =6 bits is checked. If it is met, then an
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18-measurement packet is issued and packed into 16
bytes. If the specifying condition (A_ < 6 bits) is not
fulfilled, then measurement accumulation is continued,
and the transition to the third step of the algorithm is
made.

Upon accumulation of 21 measurements in step
three, first, the condition for transitioning from the
second step is checked: A_ < 6 bits. If the condition is
not met, the packet formed during step two is issued and
the algorithm is returned to step one. If the condition is
met, the specifying condition A =5 bits is checked.
If it is fulfilled, then a packet, packed in 16 bytes, with
21 parameter measurements is issued. If the specifying
condition (A_ < 5bits) is not met, then measurement
accumulation continues and transition to the fourth step
of the algorithm takes place.

After accumulating 25 measurements in step four,
first, the condition for transitioning from step three A
<5 bits is checked. If it is not met, the packet formed in
step 3 is issued and the algorithm returns to the first step.
If the condition is fulfilled, then the specifying condition
A =4 bits is checked. If it is met, then a packet with
25 parameter measurements packed in 16 bytes is issued.
If the specifying condition (A__ < 4 bits) is not met,
then measurements continue to be accumulated and the
transition to the fifth step of the algorithm is made.

After accumulating 31 measurements in step five,
the transition from step four condition A_ < 4 bits is
checked. If the condition is not met, the packet, which was
formed in step four, is issued and the algorithm returns to
the first step. If the condition is fulfilled, the A =3 bits
specifying condition is met. If the specifying condition
is fulfilled, then a packet with 31 measurements is issued
that is packed in 16 bytes. If the specifying condition is
not fulfilled (A_ < 3 bits), measurement accumulation
is continued and the transition to the sixth step of the
algorithm is made.

Upon accumulation of 41 measurements in step six
the condition for transitioning from step five is checked:
A <3 bits. If the condition is not fulfilled, the packet,
which was formed during step five, is issued and the
algorithm returns to step one. If the condition is met,
then the specifying condition A_ =2 bits is checked. If
itis fulfilled, a packet with 41 measurements is issued. The
packet is packed in 16 bytes. If the specifying condition
(B,
is continued and the transition to step seven of the
algorithm is carried out.

= 1 bit) is not met, the measurement accumulation

Summarizing the actions for all of the ADA steps
(except for the first and the last ones): every step presumes
that the condition for transition from the previous step
(A < Y- (n - 1), where Y is the ADC capacity and n
is the number of the step) is checked after the required

max n

amount of measurements is assumed. Should the
condition not be met, the packet that was formed during
the previous step is issued and the algorithm returns to
step one. If the condition is fulfilled, then the following
specifying condition is checked: A_ =Y - n. If this
condition is met, then a packet, which was generated
during the current step, is issued. In the event of the
=Y - n) not being fulfilled,
the condition for transitioning to the next step is fulfilled
(A
and a transition to the following step of the algorithm is
carried out.

specifying condition (A

max n

. <Y —n), measurement accumulation is continued

max

After the accumulation of 61 measurements in step
seven (which corresponds to the last step of the ADA
algorithm), the transition from step six condition (A
. <2 bits) is checked first. If it is not fulfilled, the packet,
which was formed during the sixth stage, is issued and the
algorithm returns to step one. If the condition is met, that
means that A =1 bit. In the ADA algorithm a packet
is issued with 61 measurements packed into 16 bytes and
the algorithm returns to step one, i.e., the cycle starts over
again. As for the ADAD algorithm - a transition to the
information cycle is made, i.e., to step eight.

The accumulation of 62 measurements in step eight
is carried out with a frequency of 200 Hz. The value
A is calculated by the ratio of two adjacent sampling
measurements, carried out with a frequency of 100 Hz.
Thus, every other measurement from the original is taken
- 31 measurements, in total, with a frequency of 100 Hz,
which corresponds to the fifth step of the ADA algorithm.
Further processing is carried out in a manner analogous
to the fifth step; only measurements decimated by two-
fold are processed.

Following the accumulation of 31 measurements
with a 100 Hz frequency in step eight, a condition
analogous to the one for transitioning from step five to
step six is checked: A__ < 3 bits. If this condition is not
met, the packet, generated in step seven (containing 61
measurements obtained with a frequency of 200 Hz and
packed in 16 bytes) is issued. If the condition is fulfilled,
the accumulation of measurements is continued and the
transition to step nine of the ADAD takes place.
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Figure. Adaptive difference algorithm block diagram.

Eighty-two measurements are accumulated in step
nine with a frequency of 200 Hz and they are decimated
by a factor of two. The 41 measurements that are thus
obtained are processed by analogy with step six. At first,
the condition for transitioning from the previous step A_
,<3is checked. If the condition is not fulfilled, the packet
formed in step seven (61 measurements with a frequency
of 200 Hz packed in 16 bytes) is issued and the algorithm
returns to step one. If the condition is met (A < 3 bits),
a specifying condition is checked: A = 2 bits. In the

case of its fulfillment, a packet with 41 measurements
received with a frequency of 100 Hz and packed in 16
bytes is issued. If the specifying condition (A__ =2 bits)
is not met, then A =1 bit and the measurements are
continued to be accumulated. After this, the transition to
the tenth step of the ADAD algorithm is performed.
During the tenth step 122 measurements are
accumulated with a frequency of 200 Hz and are
decimated by two-fold. The 61 measurements that are
obtained with a frequency of 100 Hz are processed in an
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analogous manner to step seven. At first, the condition
for transitioning from the previous step A__ < 2 bits
is checked. If the condition is met, a packet generated
in step nine (i.e., 41 measurements with a frequency
of 100 Hz and packed in 16 bytes) is issued and the
algorithm returns to the first step. Upon the fulfillment of
the condition, measurement accumulation continues and
the ADAD algorithm transitions to step eleven.

The results of ADAD algorithm operation are given
in Table 1. According to Table 1, all of the subsequent steps
are subdivided into repeating groups of three steps that
differ from one another only in the sampling frequencies
of output data packets.

The actions in steps eleven, twelve and thirteen are
analogous to those of steps eight, nine, and ten with the
only difference that the equivalent sampling frequency
of the measurements being packed into packets is, once
again, lowered by a factor of two. These iterating groups
can symbolically be called steps of an adaptive algorithm
with decimation (AAD) operating with ADA, or with
decimation stages.

In the final step of the ADAD algorithm instead of a
transition to the following step of decimation, a packet is
issued, consisting of 61 measurements (with a frequency
of 12.5 Hz) packed in 16 bytes of the data portion of the
packet. After that, the ADAD cycle repeats itself from the
beginning.

In generalized form the ADAD algorithm is given in
Table 2.

A block diagram of the generalized ADAD is given
in the Figure.

Conclusion

Therefore, not only does the ADAD algorithm that
has been developed allow for a decrease in redundancy,
owing to a reduced number of transmitted bits — as is
done by the ADA, but it also is able to compensate the
redundantly assigned sampling frequency. The ADAD
cumulative maximum redundancy reduction factor is
formed by multiplying the ADA compression ratio and the
maximum factor of decimation. The ADA compression
ratio depends on the size of the packet data portion and
the ADC capacity. In the example provided, the ADA
compression ratio is equal to 3.8125 and the decimation
factor is equal to 16. If the sensor signal changes
insignificantly and in such a manner that processing
by means of ADAD reaches the final step, then instead

of 976 accumulated measurements with a frequency of
200 Hz, a packet containing only 61 measurements with
a frequency of 12.5 Hz is issued. Due to the fact that
the data portion of the packet is chosen to contain 16
measurements without decimation, then the redundancy
reduction factor is equal to 976/16=3.8125x16=61.
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Abstract. The paper analyzes the problem of creating an innovative scientific and technical reserve (STR) in the rocket and space
industry. A general methodological approach to the creation of STR is proposed. The main provisions of the STR establishment
methodology are formulated. Innovative uncertainty and some limitations are taken into account. Restrictions due to the
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Introduction

All the outstanding achievements of scientific
and technological progress, including the successes of
astronautics in the twentieth century, were achieved by
advancing and solving problems of the development of
science and technology. The basis of all innovations is an
innovative scientific and technical reserve (STR), created
long before the start of implementation of large projects [1].

The design stage (including the development of
customer requirements and the concept of a space
system) in real costs does not exceed 20% of the total cost
of creating a product. At the same time, the significance
of the work performed at this stage reaches 95% [2].
In this regard, the existence of an STR is crucial to the
success of a project.

In Russia, the most theoretically developed subjects
are the methodologies for creating an STR in the field
of weapons and military equipment (WME) [3, 4, etc.].
However, the basic methodological provisions for the
creation of an STR in the field of weapons and military
equipment are poorly applicable to the creation of rocket
and space technology (RST) for the following reasons:

- in the defense field, the problem of goal setting is
much easier to solve than the problem of goal setting in
space activities;

- the uncertainty of the directions of development
of weapons and military equipment is significantly lower
than the uncertainty of the directions of development of
astronautics;

- space activities directly and indirectly affect
many aspects of the society, while maintaining the
national defense capability only creates conditions for
normal operation of state institutions, organizations,
establishments and citizens;

- the methodology for creating an STR for the
development of weapons and military equipment does
not take into account the limitations imposed by the
structure of techno-economic paradigms in the economy,
the phase of the economic cycle and the general laws
governing the development of technical systems.

There are no countries in the World than have a
regulated general procedure for creating an STR in
various areas: different enterprises and organizations
do it in their own way. As the analysis of the problem
shows, the project principle of work organization when
creating an STR, and especially goal programming, have
significant limitations.

The project approach is limited in the areas of
activity where the final result, the required resources and
time are determined insufficiently or not at all. In the
general case, the creation of an STR is a process, not a
project (that is, the work on the creation of an STR should
be carried out continuously!). Moreover, the process is
creative, initiated by insights of scientists and engineers.
Sometimes the creation of an STR can be a project, but
only in a small number of cases, then when it comes to
the purposeful creation of a basis for solving a specific
task. However, in this case this activity can be considered
a pre-project research aimed at the implementation of a
specific project, rather than development of an STR.

The project approach is fixated on the tasks of
managing the design process, involves rigidly defined
procedures and, generally speaking, does not require
considerable intellectual effort. There is a temptation to
resolve the difficulties associated with the development
of fundamentally new design solutions, either using the
old technological basis, or by making trivial decisions by
analogy.

With the wide introduction of the project approach,
in combination with the general decline in the level of
education, there is a threat of washing out of the creative
element, and first of all, at the stage of creating the STR,
replacing high-class specialists with managers and
executives.

Goal programming in the conditions of accelerating
technological development and deepening innovative
uncertainties in the development of science and
technology can inhibit the creation of an STR that
implements truly innovative principles.

Nevertheless, in our opinion, some general directions
for solving the problem of creating an STR for the rocket
and space industry, not related to the project approach
or goal programming, which can serve as the basis for a
number of regulatory industry papers, can be proposed.

The purpose of this article is to substantiate the main
directions of the methodology for the creation of an STR
in the rocket and space industry.

1. The structure of the innovative scientific
and technical reserve

In accordance with the definition given in GOST R
57194.1-2016 [5], an innovative scientific and technical
reserve (hereinafter STR) refers to promising products of
the intellectual activity of enterprises and organizations
in the field of science and technology, critical and
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breakthrough technologies, the development and
implementation of which in industrial production and
products will lead to an increase in the efficiency of the
industry and the introduction of technical systems with
new properties and qualities. An innovative STR includes
(Fig. 1) a scientific reserve (SR), a scientific and technical
reserve (STcR) and a scientific and technological reserve
(STIR).

At the initial stage of development of a specific system
(space technology product), a previously developed STR
can be represented as a network hierarchy of technical
components (elements) of a PBS (Product Breakdown
Structure) that are mutually coordinated by interfaces
and which are integrated into the target system with
the help of support systems. Each of the components of
the PBS hierarchy in the life cycle includes the entire set
of representations, from computer models to physical
implementation.

The STcR includes promising products focused on
creating a target technical system that can be described
as a hierarchical product structure and is a mutually
coordinated network hierarchy of technical subsystems
and components integrated into the target technical
system using support systems. The STcR is focused on
a specific target system, which can be a specific product
with a full life cycle, or a conceptual development project
of advanced equipment. The result of the creation of
STcR can be a research and development report, a system
project, a patent, know-how and other
scientific and technical products.

The STIR includes advanced products focused
on the creation of a support system that advances the
target engineering system through its life cycle and is a
coordinated network hierarchy of activities performed
using current or advanced organizational, technical
and technological mechanisms. At the same time,

innovative

the advancement of the target system by the support
systems along its life cycle (LC) is regulated by GOST
R ISO / IEC 15288 [6] and GOST R ISO / IEC 12207
[7]. The STIR is a network hierarchy of tasks mutually
coordinated by interfaces, a WBS (Work Breakdown
Structure). The tasks are potentially implemented by
technical and organizational mechanisms of the support
systems for advancing the target system through its life
cycle. Maturity, as the ability of a specific technology of
a scientific and technological reserve to carry out work
to advance target systems, is determined by the TRL
(Technology Readiness Levels).

The result of the creation of STIR can be scientific
and engineering products of the same type as in the case
of NTNZ, but with an emphasis on technology (How to
implement STcR? What production and technological
capabilities, technologies, will this be required?).

SR, STcR and STIR in the general case may or may not
be interconnected. SR, STcR and STIR can be interpreted
as the degree of maturity of the STR: the cause-and-effect
(production) dynamics of the creation of the STR can be
described as a sequence: general theoretical concept (SR)
¢ technical solution (STcR) ® implementation tools (STIR).

Innovative scientific
and technical reserve
(STR)

Scientific and
technical reserve
(STcR)

Scientific and
technological reserve
(STIR)

Scientific reserve
(SR)

Fig. 1. The structure of the innovative scientific and technical
reserve

Lastly, the NZ is the result of fundamental scientific
research (new knowledge about phenomena, effects, laws,
patterns, etc.) that is not directly related to the existing
or advanced artifacts, technical means and technologies.
Forms of presenting the SR as a commodity are research
reports, articles, monographs and other sources of
information in standardized forms, including archives
of electronic documentation, designed for machine
processing. The scientific reserve is focused on fundamental
research and studies that do not directly imply subsequent
research and development work (R&D) for the creation of
a specific product of rocket and space technology.

Thus, the formation of the STR should be considered
as a complex systemic activity that creates the scientific,
technical and technological basis for the industry, carried
out mainly by research organizations and individual
researchers, together with the rocket and space industry
and organizations of other industries, necessary for the
creation (development, modernization) of various types
and products of space technology. The STR includes the
results of theoretical and experimental research, as well as
exploratory development.

The structural components of the STR are [8]:

- new knowledge obtained in the course of studying
the properties of material objects, processes and
phenomena in the field of space exploration, including
the results of theoretical and experimental research: a
knowledge base for the areas of scientific and technical
activities;
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Fig. 2. The spiral of knowledge creation in the dynamics of the development of scientific and technical reserve

- new technical solutions (results of exploratory
development), including design  documentation,
prototypes of new designs, elements and components of
space technology (in the general, parts of target systems);

- technological processes and specialized equipment
necessary for the development, production and testing
of rocket and space technology, including processes and
equipment for the design, production and processing
of materials, assembly, quality control, testing. This
component of the STR exists in the form of relevant
regulatory and technical documentation and equipment
(in general, supporting systems).

The process of creating an STR can be described
by the so-called “knowledge spiral”, which shows the
transition of knowledge from one type to another. In
particular, formalized (conscious) and non-formalized
(unconscious) knowledge are distinguished. The
creation of an STR is a continuous interaction of
implicit and explicit knowledge through various forms
of transformation. One of the main conditions driving
the “knowledge spiral” (Fig. 2) is the redundancy of the
STR. That is why leading countries are paying so much
attention to creating a reserve. In the United States, in
particular, the commitment to the creation of the STR
in advance led to the fact that knowledge became a
commodity as well as material objects [9].

The implementation of this principle leads to the fact
that the number of research and development activities
carried out by an enterprise deliberately surpasses the
nomenclature of samples of rocket and space technology
to be created. Therefore, when holding tenders for a
contract for the creation of a new space technology, there

will always be options to choose from. If the tenders are
made multi-stage or at least two-stage (for example, the
first stage is a tender for the implementation of an advance
project or technical proposal, and the second stage,
according to the results of the first, is the implementation
of the remaining stages of product design), then there
is competition, which is based on the STR, in advance
created by each of the participants of the competition.
Enterprises of the industry, creating an STR, are already
competing with each other, although in an implicit form.

In our opinion, the creation of the STR can be
financed either at the expense of the enterprise (most
likely) or on the basis of budget financing. The amount of
financing for creating an STR can be tied to achievements
in this area, for example, it can be based on the results
of the year: the higher is the volume of STR created,
the higher is the next year funding for these purposes.
It is imperative to create targeted financial incentives of
specific scientists and specialists, developers of the STR.

The current results of the continuous process of
creating an STR in the form of specific documents can be
combined into an information base such as a depository.
The semantic structure of such a depository is presented
in fig. 3

The meaning of the term “depository” is that
the information base of the STR not only stores STR
documents, but also guarantees the copyrights of their
developers with all the ensuing consequences. An
STR depository contains building blocks that (with
appropriate “processing”) can be used as the basis for a
specific project.
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2. General principles for the creation of an
innovative scientific and technical reserve

The main problem of creating an innovative STR
is the so-called innovation uncertainty, which arises
as a measure of ignorance of potential directions
and opportunities for technological development, in
particular, taking into account possible technological
gaps that break the momentum of the development of
science and technology (Fig. 4). The technological gap in
the development of a technical system is understood as
a qualitative leap in the dynamics of the target (forecast)
characteristics of the system, a gap in its evolutionary

development due to new achievements of basic science
or new design solutions. Development of any technical
system sooner or later reaches a level where, in spite of
the efforts made, its characteristics hardly improve. As an
example, a liquid rocket engine can be given: its technical
evolution has reached the limit: any design solutions
are able to raise the specific impulse by no more than
10-15%, but the costs increase geometrically. In such a
situation, further development of the system is possible
only on the basis of a technological gap. A technological
gap eliminates the innovation uncertainty.

The methodology of the continuous creation of the
STR becomes particularly important in connection with
the impending problem of singularity (Problem 2045),
illustrated by the Panov-Snooks curve [10]: there is a
pronounced tendency for the innovation uncertainty
border to approach the duration of the R&D stages [11].
In our case, the problem of singularity can be interpreted
as the desynchronization of the duration of the cycles
for creating an innovative STR, the development of
technologies (from TR=0 to TR=9) and the lifetime of
a space technology product. The technological gap will
occur long before the end of the product life cycle.

'Technological singularity is a hypothetical moment, after
which, in the opinion of supporters of this concept, technical progress
will become so fast and complex that it will be inaccessible to human
understanding. Reality, apparently, will not be so intimidating. It is
possible to talk about the threat of singularity, about the asymptotic
approach to it. In any case, the information explosion will be somewhat
stretched in time.
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In this regard, firstly, the process of creating an STR,
resolving innovation uncertainty, should be continuous,
and secondly, it should be ahead of the current R&D
projects. At the same time, the method of selection of
critical technologies stops working in its pure form: all
technologies fall into the category of critical ones.

At first glance, taking into account all the above,
the task of creating an STR can be characterized by
the idiom “Go I know not wither and fetch I know not
what” Nevertheless, the task can be successfully solved
if the following principles are put in the basis of the
methodology for creating an STR, (Fig. 5):

1. The general directions for the creation of an STR
should be determined based on objectively existing
critical system conflicts in the development of rocket
and space technology and space activities in general. As
a rule, overcoming such conflicts is accompanied by a
discontinuity in the smooth evolutionary development
of a technical system, a technological gap. However,
there may be several directions of technological gaps. In
such cases, is proposed to consider the most acceptable
way to overcome conflicts the one that best meets the
expectations of the society [12]. In this way, the level of
innovation uncertainty can be reduced.

It should be noted that focusing only on the
technological environment in the process of identifying
critical conflicts and choosing ways to resolve them is
unproductive. It is necessary to take into account the
synchrological® nature of potential conflicts in all social
environments [13].

Le., in determining the prospects and directions
for the development of the space technology, the
humanitarian issues of working with social environments
are involved, which in general terms corresponds to the
ideas of the VII technological paradigm®[14, 15].

2. Definition of the corridor for creating of an
innovative STR in the field of technological and economic
opportunities [16], determined by the technological
paradigm in the economy and the phase of the cycle of
the economic conditions*.

*Synchrological - establishing the relationship between
phenomena and processes occurring at the same time in different
parts of one state or in several states.

*VII technological paradigm is called socio-humanitarian
or cognitive. Its main feature is the convergence of nano-, bio-
and information technologies, aimed at transforming human
consciousness into a productive force (conscious control of reality,
creation of new realities: technological, cultural, social).

*This refers to the phases of economic cycles of different
periodicity: Kondratiev, Kuznets, Kitchin, Zhiglyar, etc. The main of
them is the Kondratiev cycle (Kondratiev waves).

HT3 Conceptual design of advanced
products of space technology and their
parts in accordance with the indentified

directions of development of space
technology

J
~

Identification of the avenue for creation
of the STR within the tecnological and
economical possibilities

Identification of the general directions
for creation of the STR based on the
critical system conflicts and formative
sociosystemic requirements on the
effects of overcoming such conflicts

Fig. 5. Methodological principles for the creation of an STR

3. Conceptual design of advanced space technology
products, their components, instruments, systems and
units in accordance with previously identified fields
for creation of an innovative STR. Conceptual design,
generally speaking, should be the initial stage of the
project to create a specific space technology product.
However, within the framework of the creation of an STR,
conceptual design tasks are not practically specified; they
should be much more redundant and extensive compared
to pre-project research tasks.

The proposed principles for the creation of an STR
respond to the main challenges of the time, take into
account the predicted changes in the technological base
of the space technology, such as technological gaps and
the impending problem of singularity.

3. The main provisions of the methodology
of creating an innovative scientific and
technical reserve in the rocket and space
industry

Identifying of critical system conflicts

Identifying critical system conflicts and forming
socio-system requests for the effects of overcoming these
conflicts in the rocket and space industry is a rather
difficult task due to the impossibility of its formal solution.
Table 1 presents some preliminary results of expert
identification of critical system conflicts and forming
socio-system requests for the effects of overcoming them
in the rocket and space industry.
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Table 1 - Results of the expert identification of critical system conflicts and the forming socio-system requests for the effects
of their overcoming in the rocket and space industry

No. Critical system conflict

Possible socio-system request for the effects of
overcoming the conflict

The conflict between the biological nature
of man and the factors of outer space

The conflict between the unclear
goal-setting of space activities and the large

resource costs for the space exploration and space

The pursuit of space expansion, including the industrial
exploration of space, the transfer of polluting and
dangerous industries into space, the development of the
mineral resources of planets and asteroids, the efficient use
of solar energy, the colonization of the solar system.

2 expansion Striving for sublimation of such human qualities as
passionarity and aggressiveness in solving problems of
research, exploration and use of space

The conflict between the demand for space|Striving for the availability of the entire range of space

3 [products and space services and the high cost of | services anytime and anywhere

space technology products
The conflict between the high speed of development | The desire to receive higher quality space services
4 |of science and technology and the impossibility of

spacecraft modernization during orbital flight

Definition of the corridor of technological
development

The possible directions for creating an innovative
scientific and technical reserve in any field, including the
rocket and space industry, are limited by the existing and
advanced structure of technological paradigms in the
economy, the phase of the economic cycle and the general
laws governing the development of technical systems.

Inthelongterm (10-30years), Kondratiev cycles [17],
which are directly related to innovation, apparently have
the greatest influence on the development of technology
(Fig. 6). Since the beginning of the twenty-first century,
after the global crisis of 2001-2002, the fifth technological
paradigm and the corresponding Kondratiev cycle
entered a downward phase. At the same time, began
the development of the first generations of technology
of the 6th technological paradigm, which will become
predominant in the advanced countries in 2020-2050s.
The total duration of Kondratiev cycles (Kondratiev long
waves) ranges from 45-60 to 50-70 years. The problems
of the 6th technological paradigm with respect to space
activities are considered in [18, 19].

Based on the theory of large cycles of the economic
situation, it can be expected that on the downward
wave of the Kondratieft cycle, the depth and duration of
economic crises will increase. Their peak may fall on the
beginning of the 2020s, after which the reverse trend will
prevail.

In general, in the next 25 years, the avenue of the
technological development of the space industry, due
to the current economic structure and the associated
innovation cycle, is characterized by a generally favorable
economic environment.

As the key factors for the development of the space
technology products of the 6th technological paradigm,
one can identify from five to twenty of the most promising
breakthrough technologies of the beginning of the 21st
century, including:

- computer-controlled processes of production and
operation of rocket and space technology at all stages of
its life cycle;

- microminiaturization and multifunctionalization
of information and communication, sensor and actuating
devices with a high degree of accuracy;

- autonomous intellectual modules and spacecraft
(SC), including multi-agent spacecraft systems;

- alternative and combined energy sources, ways
of highly efficient energy transportation, energy saving,
compliance with environmental standards;

- biotechnological development in the interests of
manned space flight;

- nanotechnology of a wide range of applications;

- implementation of the bionic principles (life-
technologies) of creating space technology;, etc.
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Fig. 6. Dynamics of change of technological paradigms [19]

Conceptual design

Conceptual design complements and specifies the
general directions for the creation of the STR. Conceptual
design is carried out by industry research and design
organizations, individual scientists and specialists.

Examples of possible directions of conceptual design
when creating the STR in the rocket and space industry
are presented in Table 2.

As methods of conceptual design in the process of
creating the STR, the following can be used:

- heuristic methods;

- methods of iterations (sequential approximation);

- decomposition methods;

- methods of inducing questions;

- various brainstorming technologies;

- methods of the theory of inventive problem solving
(TIPS);

- methods of functional cost analysis, etc.

The most promising methods of conceptual design
are the methods of TIPS, based on the general laws
governing the development of technical systems [20]. In
this case, under a concept we understand the description
of the way to achieve a goal. Concepts include physical
or functional principles of action, principles of change,
principles of conflict elimination, improving pairs of

interrelated indicators of a technical system, as well as
sets of optimal values of parameters of system elements.
Description of the concept should be sufficient for the
development of design solutions.

Currently, new varieties of computer-aided design
(CAD), focused on conceptual design - CAI-systems
> are being created. Distinctive features of CAI systems
include:

- management of innovative activity of the enterprise;

- development of concepts (technical ideas);

- management of patents of the enterprise.

The main function of CAI systems is concept
design. The conceptual design method combines
all known invention strategies and covers the entire
concept development cycle. It uses complex formal
algorithms and a large base of general technical and
scientific knowledge [1]. However, it should be noted
that numerous development projects of CAI-systems
(inventing software) could not significantly increase
the productivity of creative activities due to the lack of
a formal method that covers all stages of the concept
development: from the choice of the initial goal to the
definition of the areas for application of the developed
concepts.

*CAI — Computer Aided Invention — the search for innovative
solutions using a computer.
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Table 2 - Examples of possible directions and objects of conceptual design when creating the STR in the rocket and space industry

No. Conce}) tua-l Design Conceptual Design Objects
Directions
Putting space objects | New ways of launching space objects to the Earth orbit and departure trajectories.
into the Earth orbit and | Constructive layout of the launch vehicles.
1 |departure trajectories  |Reusable launch vehicles.
Platforms for launching payloads of up to several thousand tons.
Small and micro-sized launch vehicles for launching small (ultra-small) spacecraft.
Rocket engines Thermochemical rocket engines:
- detonation liquid rocket engines (LRE);
- LRE with a central body;
- one-component LRE, including using micro- (nano-) encapsulated fuel.
Nuclear rocket engines:
- impulse engines;
5 - heterogeneous gas-phase engines.
Thermonuclear rocket engines.
Electric propulsion engines:
- ion engines;
- plasma engines, including engines with free plasma confinement.
Cross-media engines (atmosphere - space).
Rocket engines on new physical principles (anti-gravity, control of the space-time
continuum, etc.).
Manned space flight Ensuring the safety of long-distance space flight and comfortable habitability of
manned spacecraft.
Emergency crew rescue.
3 Means of landing on the planet (return vehicles).
Closed-circuit biological life support systems.
Technologies of hibernation (anabiosis) during long-distance space flights.
Avatar technologies for extravehicular activity and planetary exploration.
Remote sensing of the | New ways of sensing the Earth from space.
4 Earth from space Ultra-compact optical systems.
Distribution of the target function of Earth sensing among a cluster of small (ultra-
small) spacecraft.
Space communications, | New ways of transmitting (relaying) data through space communication channels.
broadcasting and Methods of reception and transmission of weak signals with levels comparable to or
retransmission lower than the level of natural noise.
5 Quantum communication.
Communication between spacecraft.
The distribution of the objective function of communication, data transmission and
relaying in a cluster of small (ultra-small) spacecraft.
Space navigation Methods of precision space navigation for terrestrial consumers.
Navigation methods in high near-earth orbits (H > 2000 km), including
geostationary orbit.
6 Deep space navigation methods:
- within the solar system;
- outside the solar system.
Methods of navigation on the surface of the planets.
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Conclusion

Thus, the main features of the new methodology for
creating an STR in the industry have been formulated,
taking into account the existing innovation uncertainty
and limitations arising from the structure of technological
paradigms in the economy, the phase of the cycle of
economic situation and the general laws governing the
development of technical systems.

The proposed methodology can be used as a basis
for a new research and production system for the rocket
and space industry, designed to give impetus to its further
innovative development.

The main provisions of the developed methodology
should be reflected in the regulatory and methodological
documents of the industry, paying particular attention
to the creative, informal, systemic nature of the creation
of the STR, the grassroot initiative, the need for targeted
incentives for this process, careful observance of
copyright, as well as the requirement of redundancy of the
STR in relation to those R&D projects, which are aimed
at the creation of specific space technology products.

The creation of the STR should be based on informal
heuristic procedures and CAI systems, which makes it
possible:

- to determine the general directions of the creation of
the STR, taking into account the critical system conflicts
and sociological demands for the effects of overcoming
these contradictions;

- to identify the areas of technological and economic
opportunities that set the “corridor” for the creation
of the STR, taking into account the current and future
technological paradigm in the economy and the phases
of the cycle of the economic situation;

- to predict at the conceptual level the design
profile and the main characteristics of promising design
solutions in accordance with the previously identified
directions for the creation of the STR; the procedures of
the conceptual design can be based on the methods of
the theory of inventive problem solving (TIPS), based on
the general laws governing the development of technical
systems.
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Abstract. The article considers the concept of an expert-diagnostic complex (EDC) for analyzing the operation of information
systems (IS). The current state of the problem regarding the development of an expert-diagnostic system (EDS) for the analysis
and failure recovery in the work of each unit of an IS is studied. The study included the development of an appropriate knowledge
base and other parts of an EDS, such as a database, operation area, and solver. All these led to significant material and technical
costs, complicating the issue of correspondent software performance. The proposed integration of single-profile EDS into an
EDC including the monitoring of failure addressing using diagnostic labels will greatly simplify the user’s work without large
expenditures on product creation. The EDC design differs from that of the EDS by the presence of several knowledge bases and
an add-in in the form of an interface for convenience of the user. The article presents the technology of EDC building including
several single-profile knowledge bases. An example of building an EDC is given.
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Introduction

The use of an EDS for tackling non-formalized issues
in different areas of the national economy has found
wide application. The efficiency of such implementation
depends on the relation between the provided benefits
and the creation, implementation and operational costs
of the instrument. One should note that, owing to certain
constraints concerning the structural components of the
system, EDS is used for solving problems in a narrow
subject area. This particularly concerns the central body
of the EDS - the knowledge base, the application range of
which depends on the gained experience in solving such
problems and on the interpretation of this experience
by the production model. For this reason, the combined
use of several EDS with proper hardware and software
is necessary for full-fledged expert service of complex
systems. All of this impairs the efficiency of using EDS
for complex systems. A possible solution in this situation
(in other words, the efficient service of complex systems
with the implementation of expert assessment) lies in
the development and introduction of expert-diagnostic
complexes (EDC) based on separate elements of single-
profile EDSs. What is more, the fundamental difference
between the designs of the EDC and the EDS is the
presence of several knowledge bases describing the
situation in the chosen system and an add-in in the form
of a control program for creating technological activation
chains of corresponding program units.

The present paper gives a conceptual description of
an EDC for the performance evaluation of an IS. The BNS
ASC is considered in the paper as an example of EDC
application.

The choice of the system was conditioned by the
following reasons:

- sufficient complexity of the constituent types of
ballistic — navigation support that justifies the use of EDC;

- availability of EDS developments for analyzing
issues of concern that arise in some BNS concepts;

- BNS is the most studied (for the authors) hardware
and software system in terms of performance issues.

The following terms and notions are used in the
present paper:

Ballistic-navigation support (BNS) - an aggregate
of hardware-software components and technologies
for ballistic information reception that is essential for
spacecraft flight control.

TIPP KB - knowledge base of the trajectory
information pre-processing program.

Subject area (SA) - an aggregate of interconnected
elements, which ensure the fulfillment of the assigned
task.

Object - any element of the system.

Object property -
characterizes the state of the object at any moment in
time.

Concept — (from Latin conceptus — thought, idea) —
constituent part of the subject area.

Information parameters — the characteristics of a
concept, the deviation from which may lead to system

a certain quantity that

malfunctions.

Diagnostics - the identification of object operation
failures by means of comparing the current values of its
parameters with normal values.

EDS - an expert-diagnostic system is for solving
problematic issues that arise from the operation of
separate parts of an IS.

EDC - an expert-diagnostic complex is for solving
problematic issues that arise from the operation of
information systems.

Distinctive features of the EDC in comparison with
the EDS:

- the presence of several KBs;

- the availability of a setup program for the complex
meant for solving specific problems;

- the presence of a problem analysis and decision
algorithm unit.

ASC - automated software complex

MS - mathematical software

TNPM - trajectory
measurements

LD - location determination

navigation  parameter

Prerequisites for setting up an EDC

1. The system in question should be introduced in
the form of a hierarchical structure.

2. For further EDC building, the system should be
divided into functional parts that correspond to the last
level of the hierarchy.

3. In the course of system operation, it is necessary
to carry out monitoring with the help of special labels that
characterize the operation of system parts. As the labels
are filled out, an output signal is generated that initiates
the EDC technological cycle.
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4. The constituent parts of the level should be
described as subject areas.

5. Each subject area is to be given in the form of an
aggregate of concepts with the description of information
parameters.

6. A corresponding knowledge base with the ability
to connect to the EDS circuit (the elements of which are
accounted for in the given structure) should be formed
within each subject area.

__________________________________________________________________________________________

Failure
output signal

System
monitoring

IS analysis
unit

Choice of SW |— Choice of KB |,

J
[ 1 1

KB-1 ‘ KB-N

EDS-K

Workspace

Solver

DB T E— Result

Fig. 1. EDC block diagram.

Description of the EDC block diagram

The EDC diagram given in Figure 1 consists of
two parts: 1 — an information system as a source of
information (includes a monitoring system that generates
an output signal in the case of an IS failure) and 2 - an
EDC as an instrument for processing the aforementioned
information.

The following components are part of the EDC:

— IS analysis unit. The function of the unit is to
analyze the characteristics of the output signal with the
aim of choosing a correspondent KB. The descriptions of
SAs that characterize the main parts of the IS are part of
the analysis unit. Considering this, KBs that correspond
to the content and quantity of SAs are formed.

At this point, the most difficult part of the task is the
choice of SAs that would correspond to the system’s main
parts. With the purpose of clarifying this issue we shall
turn to the IS typical diagram (Figure 2).

The choice of the main parts of an IS is analogous
to the choice of the level of detail of the IS structure that
is determined by autonomously functioning units. In
this case, the 3 level consists of units, the functioning
of which does not depend on the specifics of the IS.
For every 3™ level unit a set of information parameters
that characterize its stability may be determined, and
accordingly, production models for filling up knowledge
bases are formed.

KB (1...N)
experience of such ISs are part of the EDC. Based on
the selected SA, the KB is determined according to the
following rule: “SW index should match the KB - SA -
KB, index”, which is used in the further solution of the

containing formalized operating

problem according to the EDS-K scheme (Figure 1).

A detailed description of EDS units is given in [1].

As an example, we shall consider the design of an
EDC for BNS ASC.

Figure 3 provides a diagram of BNS, where the ASC
is located on the 2" level (as a component of the MS).

A block diagram of the ASC is given in Figure 4 for
further consideration.

Each ASC unitisa separate subsystem independent of
the specifics of input parameters. It may be considered as
an object for separate analysis by the EDS. Subsequently,
a separate KB should be developed for every unit.

More specifically, in works [2, 4, 5] the description
of EDS prototypes for ASC operation failure analysis and
correction is provided. Namely, “EDS for the search and
correction of non-difference phase measurement jumps”
is one of the sections of the TIPP unit, “knowledge base
for receiver location determination software module”
is a BVP section, and “EDS for trajectory measurement
information analysis” is a section of TIPP.

In normal operating mode (when failures are absent)
the result of ASC functioning are refined orbit parameters
saved in corresponding DB tables and file archives.
Apart from that, intermediate results are formed TNPM
sessions (before and after filtering), sessions of difference
measurements, LD results and statistics, etc. In the event
of failure, the ASC either stops (variant A) or carries on
providing results of unsatisfactory quality (variant B). For
successful troubleshooting it seems appropriate to, first,
determine which ASC component the failure concerns
and, after that, it will be possible to pass on to analyzing
the causes of failures and failure recovery.
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Levels
15t
Cirsuraes Data processing _Snuroe_
complex of information
2m / \
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medium software means
Archives DB Special MS —— System MS PC LAN
Fig. 2. IS typical diagram.
Levels
BNS ASC
18t | / \
ISP MS ] HW
ISP SW
-
| DB ‘ Archives { ASC H Programs ‘ Server H PC ‘ l |
Fig. 3. BNS. FTP-server Cos
Let us consider the principles of building an EDC- : | |
TIPP for analyzing performance of a part of ASC-TIPP Rinex-files TIPF
(variant A). | |
The EDC-TIPP building technology cycle consists of
. ) CDB BVP
the following stages:
1t stage. Determination of detail level for IS | |
hierarchical structure. In accordance with BNS and ASC DB
structure analysis (Figures 3, 4), initially the 2 level of file archives SP3-files
BNS was defined - within it an ASC was selected for

further work.

2n stage. The division of selected system into
functionally independent parts (Figure 4) to a certain
level of detail.

3t stage. Building a SA for corresponding parts.

4™ stage. Failure address determination (name of the
corresponding ASC, the TIPP in particular).

For failure address determination we introduce
diagnostic labels (DL), which are, in essence, named cells
at the end of each subprogram that take on values of 0 or
1. “1” shows that the program performs calculations. “0”
signifies that calculations by the given subprogram have
stopped (subprogram - a functionally complete part of
the general program that has input and output data).

Fig. 4. ASC diagram.

Explanatory notes to Figure 4:

ISP - Information support

SW - Software

FTP-server — website with measurement data

COS - program for configuring operating settings of the
complex

Rinex-files - trajectory measurement information

TIPP - trajectory information pre-processing program
CDB - central database

BVP - boundary-value problem (orbit parameter
determination program)

DB, file archives - current information repositories
SP3-files— orbit parameters in a generally accepted format
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5% stage. Formation of KBs that correspond to
SAs. The technology for filling up KBs consists in the
sequential performance of the following operations:
SA building, concept definition, setting of information
parameters and their specific values, production model
formation - the KB.

6™ stage. Addition of KB to the technological scheme
of the EDS for analyzing and correcting particular
failures.

As an example, we will consider the stage-by-stage
formation of a KB for an ASC unit, omitting stages 1 and
2 (Figures 3, 4).

The TIPP subject area consists of:

— Trajectory measurement information (TMI);

Subprogram [5]:

— measurement session formation

— processing and filtering of measurement sessions

— formation of baseline sets

— difference measurement formation

— filtering of difference measurement sessions

— LD based on code range measurements

— statistical evaluation of location results

For our convenience, the concepts are grouped the
following way:

1* group - trajectory measurements

— trajectory measurements (TM)

— measurement session formation

— processing and filtering of measurement sessions

2" group - difference TM (DTM):

— formation of baseline sets

— difference measurement formation

— filtering of difference measurement sessions

3" group - LD

— LD based on code range measurements

— statistical evaluation of location results

The TM group is characterized by the following
information parameters (IP):

— nominal quantity of measurements per session

— measurements received via noisy signals

— marginal errors of receiving station coordinates

— critical values of phase cycle “jumps”

— measurement filtering threshold values

The DTM group is characterized by the following
information parameters:

— baseline threshold values

— nominal settings for difference formation

— nominal settings for reduction of measurements

— matching factor for measurement reduction
settings and difference formation

Table. F reaction description

IP group | V. F.reaction
1 v Sessions, the number of measurements of which is less than the nominal value, excluded from
I | processing
V,, [Measurement obtained at y < 70 , excluded from processing
V,, [Receiving stations with coordinate errors exceeding limit values, do not participate in processing
V., [Phase measurements with critical jump values, excluded from processing
V., [Measurements not included in filtering thresholds, not included in processing
2 v Baselines, the length of which differs from the nominal value, excluded from further decision-
2l Imaking
V,, [Phase differences, the settings of which differ from the nominal value, excluded from processing
v If the current measurement reduction does not match the nominal measurement, the corresponding
2 |measurement range is excluded from processing
v If the value of the matching factor for reduction settings and difference formation is less then
24 | given, measurements belonging to this range are excluded
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Since the parameters of the 3™ group (LD) do not
directly influence the decision-making process of the
unit in question and are information on the quality of the
overall decision, they will not be analyzed any further.

The next stage is the creation of a knowledge
production model.

A production model (PM) is a rule-based model for
the representation of knowledge in the form of sentences:
“if (condition) then (action)” In this case, the main
elements of the production model are the information
parameters of the 1* and 2™ groups.

For the sake of convenience we will introduce
the following notations: 1% group IPs — V., 2" group
IPs- V.

Then, the conditions for analyzing production model
data can be presented in the following form:

A.IfV_ =V then0.

B.IfV . #V thenF,

where V. is the current IP value, F .is the reaction to
the discrepancy between IP current and control values,
which indicate failure, “0” stands for a normal decision,
reaction F.is absent.

The given actions are analogous for the 2™ IP group

ASC SW

provided that index “1” is changed to “2"

V.V. BETANOV, VK. LARIN

The table gives action descriptions (reactions EDS - F)
for condition B.

The next stage is KB formation.

Production rules are the main part of a KB. They
are needed for reaction formation upon the occurrence
of non-standard situations during ASC operation. The
information base of TIPP KB formation are conditions
“A” and “B” as well as the formulations of reactions
F, set forth in the Table. Thus, the TIPP KB consists of
two groups of production rules: TM and DTM. They are
capable of functioning as a part of ASC BNS EDS jointly
with other KBs [2, 4, 5].

By analogy with the described above, example COS
KB and BVP KB can be built.

In the light of all of the above and considering the
previous developments of the authors in EDS building
(2, 4, 5], we will introduce a general diagram of an EDC
for ASC BNS software (Figure 5).

Explanatory notes to Figure 5:

ASC SW - ASC software;

COS, TIPP, KB, SP3 - constituent part of ASC (see
explanatory notes to Figure 4);

“Program operation analysis™ — ASC operation
failure memory unit and ASC operation “failure” address
identification by the values of diagnostic labels;

[ cos TIPP BVP SP3
|
Program operation
—| analysis
DL combination DL combination
11" “1,0"
KB selection KB archive
1 I | 1
TIPP KB BVP KB “Jump® KB T™M KB LD KB
[ |
! Selected KB EDS i
! | |
| ‘ DB }— Workspace '
i | '
i Solver Result

Fig. 5. TIPP EDC general diagram.
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DL combination “1, 1”7 - stands for the normal
execution of the current subprogram;

DL combination “1, 0” - stands for solution failure in
the current subprogram.

It should be noted that before running a solution
program all DLs are set to “1, 0”. During normal execution
of the subprogram “0” is replaced by “1”.

KB selection - the selection of a knowledge base
is carried out by “failure” address that is identified by a
DL conditional name identifier and subprogram names,
the table of which is located in the body of the unit in

question.
KB archives:
TIPP KB - pre-processing knowledge base

(description is given in this article)

BVP KB - boundary-value problem knowledge base
(yet to be developed)

“Jump” KB - phase measurement jump identification
and correction knowledge base (developed, set forth in [4])

TM KB - trajectory measurement knowledge base
(developed, given in [5])

LD KB - location determination knowledge base
(developed, given in [2])

Selected KB - the KB selected from the archives,
corresponding to the DL identifier

Standard EDS units: database, workspace, solver
with their descriptions provided in [1].

Conclusion

Based on the materials given in the present paper,
the following conclusions can be made:

1. The technology for building expert-diagnostic
complexes (EDC) for analyzing the operation of an IS
that allows to create expert systems for several subject
areas (thus, significantly broadening the capabilities for
system analysis in comparison with EDS) was developed.

2. The replacement of several EDS by a single
complex will allow to considerably speed up IS operation
problematic issue solving, as well as reduce time and
resources required to develop corresponding software.

3. The proposed procedure for searching for
addressing “failures” involving diagnostic labels allows for
the prompt identification of the emergency subprogram
and response formation for blocking the arisen situation.

4. The technology for building a KB for the “pre-
processing” ASC unit that is considered in the paper
may be used for forming KBs for other ASC units, thus,
noticeably reducing the time required for developing
programs analyzing the complex as a whole.

5. The development and implementation of an EDC
based on existing EDSs will allow for problems occurring
during IS operation to be solved more efficiently.
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Abstract. The paper is devoted to the problem of boosting the effectiveness of the flight control system for spacecraft in an
orbital constellation. The paper offers to apply modern transferring methods using the TCP/IP protocol stack and to employ
up-to-date methods of remote control. The concept of creating orbital constellations with spacecraft interrelated by intersatellite
radio links will allow one to control the entire orbital constellation in quasi-real time. Thus, the orbital constellation will be a
digital network of data transfer, where each spacecraft will function as a relay satellite to transfer control data to any spacecraft,
as well as serve as an object to be controlled. The article gives a justification to use the above-mentioned technologies, and graph
and network schemes for linkage to control spacecraft flight.
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Introduction

One of the main requirements for spacecraft flight
control systems is efficiency. Our country’s traditional
spacecraft flight control systems permit to pass control
data to and from the satellite only when the spacecraft
is in the radio coverage zone of one of the ground-based
command and measurement complexes (CAMC). Thus,
for most of the flight time there is no connection to the
spacecraft. One of the solutions to this problem is creating
a two-tier configuration of control and communication
with the use of three—four geostationary relay satellites
(GRS) [1, 2, 3, 4, 5]. With the help of an intersatellite
radio link, it is possible to provide one CAMC with a 24-
hour link to any satellite (to one, several or all at once).
This direction of development of spacecraft (SC) flight
control is present-day and advanced, yet it does not lack
such limitations as latency. The altitude of geostationary
relay satellite orbits (circa 36,000 km) conditions latency.
This results in large distances between two orbital slots.

Figure 1 depicts the link configuration (orbital
segment) for connecting to a satellite via four GRS.

Figure 2 shows the generalized scheme of the link
configuration for connecting to a satellite via three GRS.

1. Topological model of a communication
and flight control system for an orbital
constellation using intersatellite radio links

1.1 Communication link configuration and
network architecture

The orbital arrangement of a single satellite
constellation is a certain amount of spacecraft located in
several orbital planes (OP) — e.g., satellite constellations
for Earth remote sensing (ERS), satellite communication
systems in medium-Earth orbit (MEO SCS) or low-
Earth orbit relay satellites (LEO RS), satellite navigation
systems.

Neighboring  spacecraft belonging to
constellation should be connected using intersatellite
radio links in such a manner so that every spacecraft
is connected to four neighbor satellites in a single or
in adjacent OPs. Therefore, the orbital constellation
will form a fully connected satellite network for data
transmission, where every spacecraft is a satellite router
with its own information input/output ports:

one

- 1 global network port — connection to a command
and measurement station (CAMS) - radio data downlink

- 4 global network ports - for retransmitting data to
neighbor satellites using intersatellite radio links

- 1 local network port - for transmitting control data
to spacecraft’s own onboard equipment.

Such architecture is employed on the Iridium satellite
system and has the following advantages:

1) it allows to create a flexible network, where
adaptive routing protocols can be implemented to build
any data transfer route:

a) with a minimum length path for real-time traffic;

b) with optimal throughput with account for onboard
relay system (ORS) loading - for broadband traffic;

c) with routes bypassing faulty SC or SC that are
located in special areas (e.g., on the dark side of the orbit,
in disaster areas and war zones);

2) shows high survivability and adaptivity;

3) allows a single command and measurement
station (CAMS) to have real-time access to any of the
constellation SC.

The communication link configuration (consisting of
six OPs with twelve SC on each OP) for flight control of a
space communication system (SCS) orbital constellation
(OC) is given in Figure 3. The system uses LEO relay
satellites.

Figure 4 shows the orbital constellation flight control
network architecture.

1.2 Intersatellite radio link (IRL)

For communication via an IRL, it is sensible to
use bands K, Ka, V and Q, and, eventually, switch
to transmitting data using frequencies of the optical
spectrum.

The use of bands K, Ka, V or Q will permit to do the
following [10]:

- reduce the dimensions of antenna-feeder devices
(AFD) and UHF-equipment;

- reduce the energy consumption of AFD and UHF-
equipment pointing systems;

- broaden bandwidth and increase data rates (from
300 Mbit/s to 1 Gbit/s);

- surmount the limitations of radio link energetics
that exist for lower frequency ranges due to high load
levels.

Therefore, for communication via IRL using bands
K, Ka, V or Q, it is reasonable to employ four pencil beam
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Fig. 1. Link configuration (orbital segment) for connecting to a satellite via four GRS

reflector antenna arrays (AA) with a small diameter (up
to 0.3-1 m) [10] located along spacecraft X and Z axes of
symmetry.

The use of the optical spectrum will allow us to:

- reduce future AA and UHF-equipment dimensions
by four-fold;

- cut down energy consumption of AA and UHF-
equipment pointing systems;

- substantially broaden bandwidth and increase data
transfer rates (up to 10 GGbit/s);

- lift the existing restrictions of radio link energetics
for radio frequency bands.

At first, optical communication systems for IRLs
can be used in parallel with radio band communication
systems.

Laser receiving-transmitting antenna arrays should
be located along axes X and Y of the spacecraft.

1.3 Radio uplink

For communicating via a radio uplink, it is
reasonable to use bands Ka, V or Q and, with time, pass
on to creating an optical data transmission backup link.
Due to the fact that each SC has a sizeable radio coverage
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Fig. 2. Generalized scheme of link configuration for satellite connection via GRS

zone (RCZ), it is rare to have zone-wide poor weather
conditions influencing atmospheric light transmission.
Optical data traffic will be transmitted to a CAMS situated
in favorable atmospheric light transmission conditions.
Even if optical communication proves to be impossible in
the given RCZ, it is possible to connect to CAMSs located
in other RCZs via IRL.

Thus, for a radio uplink in the Ka, V or Q bands it is,
once again, more sensible to use one pencil beam reflector
antenna array of a small diameter (up to 0.3-1 m).
Reflector antenna arrays, laser receiving-transmitting
antenna arrays should also be Earth-oriented and located
along the minus-Y axis of the SC.

1.4 Link organization topological diagram

For a more detailed look at the configuration of
CAMS-SC communication, a topological model of
the scheme is given below in the form of a graph. The
configuration scheme of intersatellite links is depicted
in Figure 5. In Figure 4, we see that in the presence of
intersatellite links in the SC-SC communication channel
the graph becomes fully connected. Full-connectedness

indicates that there are several routes from the CAMS-
1 initial vertex to the SC-N terminal vertex. This
improves communication system flexibility and fault-
tolerance. Dynamic routing protocol implementation
will be instrumental in fulfilling the tasks of routing and
connection set-up in automatic mode (7, 8, 9].

Thelogical topology of the SC-SC connection scheme
is “every satellite with every adjacent satellite”, while the
logical topology of the SC-CAMS communication is
“point-to-point”. This statement is the result of the SC
connection logic given below.

The topological diagram of MCC-SCS OC SC on
LEO via IRL communication configuration is presented
in the form of a graph in Figure 5.

1.5 SC and CAMS IP-addressing

Protocol IP v.6 is applied for addressing in an OC
network.

The first 48 bits of the IP-address (numbers in the
first, second and third octets) are the address of the OC
network and are assigned by the international committee
to the entire network.
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Notation keys:

MCC - Mission Control Center (MCC)
CS1-CS2-CAMS #1 - CAMS #3

Al - A6 - low-Earth orbit SC of OC #1, lettered A
B1 - B6 - low-Earth orbit SC of OC #2, lettered B
C1 - C6 - low-Earth orbit SC of OC #1, lettered C
D1 - D6 - low-Earth orbit SC of OC #1, lettered D
El - E6 - low-Earth orbit SC of OC #1, lettered E
F1 - F6 - low-Earth orbit SC of OC #1, lettered F.

The last 48 bits of the IP-address (fourth quartet) are
the node address.

The middle 32 bits of the IP-address are the subnet
address and are reserved for specific tasks.

For illustrative purposes, the SC and CAMP IP-
address structure is given in the form of a table (Table 1).

The first number in the fifth octet represents SC
priority; the second number in the fifth octet stands for
traffic priority.

The third and fourth numbers of the fifth quartet
denote the number of the SC, where the first number
defines the orbital plane and the second number denotes
the SC number on the orbital plane, e.g., A2.

For specifying the CAMS, the number of the CAMS
should be indicated.

Radio link identifiers should be given in the sixth
and seventh octets.

The first number in the sixth quartet represents the
RL type and takes on the following values:

- 1 - for radio uplink;

— 2 — for intersatellite radio link (IRL);

The second number of the sixth quartet stands for
the band, which can either be radio or optical-spectrum
frequency:

- number 1 denotes optical spectrum frequency,

- number 2 stands for radio band.

The third number of the sixth quartet represents the
number of the AA, the fourth number in the sixth quartet
shows the type of tranceiving equipment:
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Table 1. SC IP-address structure
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Fig. 4. Orbital constellation flight control network
architecture

- number 1 - receiver,

- number 2 - transmitter.

The first number in the seventh quartet stands for
the tranceiving equipment unit number; the third and
fourth numbers represent the bandwidth and subband,
respectively.

The first and second numbers of the eighth octet
denote the spacecraft equipment type:

- number 1 - service,

- number 2 - special.

The third and fourth numbers of the eighth octet are
the SC equipment number.

2. OC SC flight control system operation
algorithms

2.1 The use of IRL for real-time SC flight
control

Connected via IRL, orbital constellation SC form a
global satellite data communication network. A CAMS,
by establishing communication with a single SC in its
radio coverage zone, gains access to all of the spacecraft
in the constellation. Full-time communication with any
SC using one or several CAMS is achievable by switching
from one SC to another.

To give an understanding - the implementation of
the TCP/IP protocol stack (widely used in present-day
local area and distributed communication networks [1,
2]) is considered to be an advanced approach to data
processing and transmission (carried out by the onboard
equipment (OE) of the spacecraft as well as by ground-
based wired and satellite communication networks).

The basic flight control mode is remote access to
the central controlling machine (CCM) of the SC OE by
means of setting up VPN tunnels connecting the MCC
local computer network (LCN) and the spacecraft LCN
via wired and intersatellite links [7, 8, 9]. Thus, MCC
personnel are provided with remote access from their
computers to the SC system control servers (controllers)
and are able to promptly manage the OE of the SC by
using specific software. A convenient windowed interface
displaying images, graphs and tables will simplify the
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Table 2. Requirements for control data transmission rates through a link

Mode Access Protocol
Text remote control — Telnet protocol implementation from 9.6 kbit/s
Graphics WEB-interface access from 64 kbit/s
Telemetry data reception, imaging and command - SNMP protocol from 64 kbit/s

implementation

Desktop access - VNC system and RDP protocol implementation

from 128 - 256 kbit/s

Telemetry data reception, imaging and command - SCADA system from 9.6 kbit/s
implementation
Spacecraft
Commuricalion i
ﬁ"f' galeway
_ '|'-| CCM
.............................................. T
Ground contrel complex VPN trine

Communication
gatewsay

Fig. 6. Logical scheme of MCC operator access to the OE control system.

control system, improve its clearness, ergonomics and
controllability along with reducing the decision-making
time [1, 2]. The implementation of the TCP/IP protocol
stack allows the transmission of flight control channel
traffic and SC special purpose equipment data channel
traffic through one radio link. For this purpose, the LCN
is divided into two VLANSs (Virtual Local Area Network):
SC service-equipment-VLAN and SC special-purpose-
equipment VLAN. With this in mind, the SC special-
equipment VLAN is assigned the highest priority [7, 8, 9].

Transmitting overall SC traffic through a single radio link
allows us to unify ground receiving stations (gateway
stations) and CAMS.

The implementation of the TCP/IP protocol stack
permits the usage of the following popular remote access
protocols for SC onboard equipment control:

1) for text mode - tenet, SSH;

2) for graphics mode:

a) for WEB-interface access - HTTP protocols;
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b) for desktop access - VNC (Virtual Network
Computing) system (using the RFB (Remote Frame
Buffer)protocol), RDP (Remote Desktop Protocol) - for
example, Remmina Remote Desktop Client software;

c) for remote control - such computer network
management protocols as SNMP (Simple Network
Manager Protocol);

d) for remote control - SCADA (Supervisory
Control And Data Acquisition) protocols, implemented
for managing ground-based infrastructure elements of
critical importance.

When remote access protocols are implemented, the
MCQC staff computer functions as a client, while the MCC
or other SC onboard equipment that has controllers or
management servers operates as a server.

The requirements for control data transmission rates
through a link are set forth in Table 2.

Based on the information in Table 2, with an actual
data transfer rate via ground-satellite uplink or IRL to
pencil beam AA ranging from 300 Mbit/s, it is possible to
control the entire OC using one or several CAMS.

The logical scheme of MCC operator access to the
OE control system is given in Figure 6.

The network architecture of the spacecraft onboard
equipment is shown in Figure 7.

2.2. Exploitation of traditional SC flight
control technologies in the event of a
contingency

The main problem of flight control through IRL is
SC orientation accuracy during flight and pencil beam
antenna array (AA) pointing accuracy. In the event of a
single or multiple SC failure in the orbital constellation
a way around them may be found by implementing
dynamic routing protocols [7, 8, 9]. Yet, in this case, the
issue of gaining access to the SC that lost its orientation
arises. Consequently, there are at least two wide-beam
AAs located along the spacecraft plus-Y and minus-Y
axes of symmetry. They ensure a low-speed emergency
radio link with a CAMS.

In the case of contingencies (for example, SC
orientation loss), as well as during orbital insertion and
disorbit, the CAMS is able to establish a connection with
the SC via wide-beam AAs on the SC through the IRL or
a ground-satellite uplink. However, the data link transfer
rate will be low, ranging from 4.8 to 12 kbit/s. This is why
it is necessary to switch to conventional SC flight control

system mode - i.e., issuing control commands to the OE
and receiving acknowledgement and telemetry data from
the OE. Essentially, conventional SC flight control system
mode will be a back-up mode for non-standard operating
situations and it will help to ensure flight control system
fault-tolerance.

Conclusion

The proposed control algorithm possesses the
following advantages:

- control flexibility and agility

— flight control system high reliability

- provides a highly ergonomic and modern approach
to solving the problems of SC flight control.

The implementation of TCP/IP protocols for
computer networking will allow the usage of standard
network equipment (custom-made) and standard
software for building spacecraft OE along with setting
up ground control complexes. This, in its turn, will
significantly simplify the flight control system and
architecture, and lower the production costs.

The flight control algorithms and architectural
solutions for ground control and onboard control
systems described in the paper make it possible to create
a comprehensive and reliable, dynamic and effective
communication and flight control system for SC in a
single orbital constellation.
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Reconfiguration Control of the Ground Automatic Spacecraft
Control Complex Based on Neural Network Technologies
and AI Elements
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Abstract. The article considers the problematic issues of control of direct reconfiguration of the ground automatic spacecraft
control complexes.

It is shown that main properties affecting control of the reconfiguration are controllability and observability. The proposed solution
to increase the controllability and observability on base of neural network technologies are given. The necessity of creating a
neural network complex to control the reconfiguration of the ground automatic control complex of spacecraft comprising an
input, output, and neural network layer with four neural subnetworks having two circuits: controllability and observability is
proposed.

The major advantage of this approach is using the application of self-trained algorithms of the control configuration of the ground
automatic control complex of spacecraft and a possibility to create a uniform information field of dynamic contours of the control
of spacecraft and carrying out the measurements.

Keywords: ground automatic control complex, spacecraft, neural algorithm, artificial intelligence, controllability, observability
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Introduction

The ground-based automated spacecraft control
complex (GASCC) consists of 14 individual command
and measurement complexes (ICMC) and individual
measurement stations (IMS) distributed throughout the
country and equipped with command, measuring and
telemetry means, communications and data transmission
equipment, and ground control means. The ground
control complex (GCC), the measurement, data collection
and processing complex (MDCPC) and the ground-based
measurement complex (GMC) for the rocket boosters are
formed from the GASCC facilities. That is, GASCC is
an integrated structure, designed to produce of a single
information and communication environment, which
implements the processes of the spacecraft control and
telemetry of launches of space technology (ST) products.

The planning of the use of GASCC facilities, as well as
the provision of the technological cycle (TC) of spacecraft
control and telemetry of the launch of ST products
is carried out by the Main Test Space Center of the RF
Ministry of Defense named after G.S. Titov (GIKTs).

The spacecraft is controlled in accordance with
the technological control cycles (TCC), that determine
the sequence, order and time intervals of the spacecraft
control operations. Consequently, GASCC should have an
architecture that allows the formation of various types of
GASCC, and ensure the implementation of their TCC. In
turn, the TCC are largely determined by the capabilities of
the mission control center (MCC) to establish interaction
with technical objects included in the GCC. Enhancing
such capabilities is one of the development goals of the
GASCC.

At the moment, the GASCC control about several
dozen spacecraft, and there is the tendency to expand the
orbital constellations, approximately by 3-4 spacecraft
per year [1].

Information support for launches of the space
technology products (launch vehicles (LV) and rocket
boosters (RB)) consists in receiving telemetry information
(TMI) by antenna systems (AS), registering it at receiving
and recording complexes (RRC), preprocessing TMI
and transmitting to centers of information processing
and analysis, through closed and open communication
channels. The interaction of technical facilities that are
part of the MDCPC and GMC, as well as the ability to
control their operation, is the determining task for the
development of ground-based telemetry tools.

Today, GASCC provides measurements of about 20
launches of various types of space technology products.

Control of directed reconfiguration of
GASCC

The functioning of GASCC is determined by a
number of important factors:

1) The increasing role of spacecraft orbital
constellations (OC) in military conflicts. The wars of the
late twentieth and early 21st centuries (in Afghanistan,
Iraq, Syria) showed the importance and practical
benefit for parties of the conflict of using OC for space
reconnaissance and communications, early warning
of a rocket attack, and meteorological and navigational
support.

In this connection, a targeted enemy air attack on the
GASCC objects in order to reduce the effectiveness of the
support of the Russian armed forces from space becomes
likely [2].

2) Constant increase in the number of constellations
and spacecraft in constellations.

3) Trends in the unification of ground-based controls
and measurements, as well as an increase in the number
of means of collective use.

4) Improvement of the onboard equipment of the
spacecraft and launch vehicles.

As a consequence, the role of management and
coordination processes by means of GASCC is increasing.
It becomes important to consider the operation of
the GASCC as a process of dynamic formation of an
operative configuration of the SC control facilities (GCC)
and measurement facilities (MDCPC and GMC) by
conducting a directed systematic reconfiguration. For
each configuration of GCC, MDCPC and GMC, its own
set of mission control centers (MCC), command and
measurement systems (CMS), data lines (satellite, radio
relay, terrestrial fiber optic, etc.) and telemetry equipment
is provided.

The GASCC performs about 1000 communication
sessions with spacecraft per day during its normal
operation. During emergency situations, and during
direct combat operations, the requirement for the time of
the GASCC reconfiguration (GMC, MDCPC and GCC)
increases and reaches 5-10 minutes. In this connection,
a significant increase in the level of observability and
controllability of the GASCC is required.

GASCC becomes an integrated multi-functional
ground-space structure with a single information
space, and at this stage it is advisable to move away
from the concept of a static control and measurement
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loop and introduce the concept of dynamic control and
measurement loop [3], and the GASCC will form such
dynamic loops close to real time.

Controllability and observability of the GASCC
facilities will become a defining characteristic, which
will require expanding the capabilities of reconfiguration
control using the GASCC and measurement facilities.

The task of increasing the observability of the
GASCC consists in determination of the initial state of
the system, namely:

- the state of technical means of the GASCC
(maintenance, serviceability, currently engaged facilities);

- the presence of the necessary number of personnel
to perform the tasks required to operate the GASCC;

- the state of data transmission systems (utilization
of communication lines, maintenance, serviceability,
currently engaged facilities).

The task of increasing the controllability of the
GASCC lies is an increase in the capabilities of changing
the operation states of the GASCC.

If the GASCC is maximally observable and
controllable, then it is possible to create a control system
that will allow to carry out a directed reconfiguration.

Thus, the directed reconfiguration of the GASCC
becomes a multifactorial, intellectual task of controlling
a complex technical object and requires an innovative
approach to its solution.

The most promising information technology for
solving multifactor tasks in complex technical systems
is neural network programming and the use of artificial
intelligence. The first studies of artificial intelligence
were carried out with the advent of computers in the
mid-twentieth century. The development of computing
power, data transmission facilities, and communication
lines over the past 10 years has resulted in a leap in
the development of these technologies and in their
application in engineering.

The use of a developed neural network complex
will allow a number of improvements to be made in the
methods of control of the directed reconfiguration of the
GASCC. Its main difference from the ordinary software
algorithms is that the task set will be solved not by direct
programming, but by self-learning of a neural network
component with feedback. This unique process allows
minimizing the need for a direct human involvement
in the formation of an operational configuration of the
GASCC, and will also allow a solution to be developed
based on the external data obtained by a neural network
complex under rapidly changing conditions [4, 5].

The proposed neural network structure of the
complex for reconfiguration of the GASCC and
measurements is presented in Figure 1.

It is important to note that it is possible to distinguish
two functional circuits in the structure of the neural
network complex: the observability circuit and the
controllability circuit. With the help of the neural network
components introduced, these functional units directly
solve the problem of increasing the level of observability
and controllability.

The problem to be solved by the entire neural
network complex is to find the optimal solution for the
selection of the GASCC and measurements configuration
by increasing the observability and controllability.

During the operation of GASCC, input data is
formed as formalized information:

- on the technical condition of the GASCC and
measurements (complex for monitoring the technical
condition);

- on the analysis of the current situation (complex for
situation assessment);

- on the analysis of tasks for spacecraft control and
measurements (complex of analysis of tasks of spacecraft
control and measurement).

The output data of the complex for monitoring
of technical condition contains information about the
integrity of the equipment and routine maintenance,
spacecraft control and measurement operations;
information about the number of personnel available to
operate the GASCC equipment.

From the MCC and the ICMC command posts
the complex for assessing the current situation receives
information on the situation: maintaining daily activities,
improving combat readiness or transition to a threatened
period. This data is the output.

The task analysis complex derives data from the
short-term, medium-term, long-term plans of the
utilization of facilities, obtained from the mission control
center and command posts.

Formed and formalized information is transmitted
to the neural network component of the complex, which
consists of four interconnected neural networks:

- technical means of the GASCC and measurements;

- synaptic weights and connections;

- conflict analysis;

-selection of means ofthe GASCCand measurements.
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Fig. 1. Neural network structure of the control complex for reconfiguration of GASCC and measurements

The neural network monitoring the technical means
of the GASCC and measurements receives information
from the monitoring complex on the composition of the
means ready for operation.

The neural network for synaptic weights and
connections receives the assessment of the current
situation from the complex and, depending on what
period of the situation, the weight coefficients of
connections (synapses) are determined.

The neural network of the conflict analysis is
connected with the knowledge base of the output layer and
checks the obtained results for conflictlessness in order
to eliminate duplication of technical means of GASCC in
various tasks of spacecraft control and measurements.

The data obtained as a result of the operation of the
three networks mentioned above is transmitted to the
neural network of means selection, where decision making
takes place and in a formalized form is transmitted to the
GASCC configuration and measurement implementation
complex, which is the executive body of the neurocomplex

output layer and directly controls the configuration of
NACU KA hardware.

The output layer contains a new configuration of
GASCC and measurements according to the problem
being solved, the current situation and the state of
technical facilities.

The structure of information obtained as a result of
the work of the neural network is:

- the knowledge base of the neural network, which is
used to provide feedback (recurrent structure), machine
learning, creating templates and rules for further work;

- the visual component output to the display media.

Conclusion

Thus, the analysis of the current state of GASCC
showed the need to manage the reconfiguration of
GASCC in order to obtain a more flexible and dynamic
structure in rapidly changing conditions.
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As a result of the study, a variant was proposed
for using the neural network complex for the task of
controlling the reconfiguration of GASCC. This solution
will provide a universal tool for creating dynamic
spacecraft control loops and carrying out measurements
close to real time, and also due to the recurrent structure
of the neural network, will allow the system to learn and
make decisions that are not obvious to humans based on
the accumulated knowledge.
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Abstract. The principles of creating a system of contactless measurement of the physical quantities and parameters characterizing
impact of external factors on industrial products are considered. Introduced are the concepts and definitions concerning remote
contactless measurement of parameters. The article describes a variant of the system with a temperature measurement unit, a
contactless method of temperature measurement by means of video cameras based on pyrometric methods and the theory of
thermal radiation taking into account the integral coefficient of thermal radiation of a gray body. The temperature dependences of
the integral coefficient of thermal radiation for some metals are given. After processing video information by the spectral method,
the calculation of the integral value of temperature in the controlled zones under examination by a color spectrum or brightness is
carried out. Provided is the analysis of the existing algorithms of compression of video information. Application requirements and
the principles of creating a system with a wide-range temperature measurement unit and its distinctive features are formulated.
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Definitions and concepts

Telemetry (telemeasurement) — a set of
technologies for carrying out remote contactless
measurements and collecting information to be later
passed on to the operator or users; a constituent part of
telemechanics. The term comes from the Greek roots tele
— “remote” and metron —“measurement”. Even though
the term, in most cases, is used in reference to methods
of remote data transmission (for example, via radio or
infrared radiation), it also characterizes the process
of transmitting data with the help of other means of
mass communication, such as telephone and computer
networks, fiber-optic or other wired communications [1].

Either telemetry sensors with a special embedded
communication module or a remote terminal unit
(telemetry system) to which ordinary sensors are
connected are generally used for gathering information.
Yet, for industrial products there are areas or objects the
average temperature in standard operating mode of which
exceeds 1200-1500 K, as well as areas with increased
radiation, humidity and mechanical loading. Such areas
are referred to as “power-loaded areas”

Power-loaded areas in industrial products — areas
(determined by an a priori estimate) with a heightened
probability of damage (product component failure)
caused by radiation and/or thermal radiation.

A contact method of temperature measurement
by using temperature sensors is not applicable due
to the substantial radiation and thermal radiation
emissions and to the impact of mechanical overloads
(large energy release in an enclosed space as a whole).
The aforementioned power-loaded areas are prone to
contingencies and emergencies.

For this reason, a remote contactless method using
video cameras for measuring the impact of external
factors on industrial products - video telemetry- is
proposed.

Video telemetry — a remote contactless method of
measuring parameter values (levels of external factor
impact on industrial products) with the help of video
cameras that consists in converging video images into
measurement signals with the subsequent imaging of
value information for the parameters of interest.

Design concept of video telemetry systems

Let us consider the video telemetry system functional
diagram. Parameters subject to telemetry are measured by
processing video images of the object and by measuring
the physical quantities that characterize the impact of
external factors on industrial products. Figure 1 gives the
generalized functional diagram of the video telemetry
system inclusive of measurement and display equipment.

The video image in the form of electric signals or
digital stream (video stream) from video cameras is sent to
the video information processing unit where parameters
being telemetered are calculated (only variant (a)); further
processing and compression of information as well as
preparation for targeted information transmission (in
this case, video stream) through a radio link is carried out.
The signal is transmitted through the link to the receiver
station and afterwards - to the video information display
equipment, where physical quantities that characterize
factors affecting industrial products (only variant (b)) are
also calculated.

The received information flow is demodulated
and processed in the video information reception unit.
Processed information is transferred to the parameter
calculation and display unit with a polling rate of
approximately 1...3 fps.

The video control system design is suggested to be as
shown in Figure 1. The component functions are set forth
in Table 1.

Video telemetry system for temperature
measurement

Temperature is the principal external influencing
factor that affects the parameters of the constructional
material. Temperature is a scalar physical quantity that
approximately characterizes the average kinetic energy
of particles of a macroscopic system in the state of
thermodynamic equilibrium per one degree of freedom [2].

Thermo-video telemetry - a method of measuring
the temperature of industrial products with the help of
video cameras and subsequent information processing.

The essence of the method is in obtaining information
about temperature and its distribution over the surface
of the object in question from video cameras equipped
with photorecorders, which are used to convert the video
image into a digital signal [3]. After video information
is processed (in the range from infrared to ultraviolet
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a) calculation of physical quantities prior to transmitting targeted information
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b) calculation of physical quantities after recaiving largeted information
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Fig. 1. Generalized functional diagram of a video telemetry system

radiation), methods
to calculate the integral value of temperature' in the
controlled zones under examination by a color spectrum
[4] or brightness’ — a method based on Planck’s law and
the principles of spectral and brightness pyrometry [5 - 7].

pyrometric are implemented

''When calculating temperature parameters, it is necessary to take
into account the full radiation power of a black body at temperature
T (radiation temperature T of a body - the temperature of an
absolutely black body at which its radiant exitance R is equal to the
radiant exitance R of the given body in a wide range of wavelengths)
over the whole range from A = 0 o A = oo, determined by the Stefan-
Boltzmann law [8]:

R,(T)=0,T* (1.1)

where 0y = 5.6696 x 1078 # is a given constant.

Seeing that the physical law expressed by equation (1.1) concerns
measuring the temperature of an absolutely black body, the measured
energy of a real gray body is determined by equation (1.1) with an
accuracy of &, known as the integral (or full) coefficient of thermal

radiation:
__ Ro(T)

(1.2)
Ungll-

This quantity is the ratio of the radiation energy emitted by the
material at temperature T to the radiation energy emitted by a black
body at the same temperature T, whence it follows that:

T, = T/I{/E (1.3)

* Brightness temperature T, of a body - the temperature of
an absolutely black body at which its spectral exitance f(A,T) for a
particular wavelength is equal to the spectral exitance r(A,T) of the
given body for the same wavelength.

In accordance with (6.10) with account for (6.11), we
shall graph &(T) for the most common types of metals
(Figure 2), prior to this we shall tabulate coefficients a
and p, (Table 2) [5].

Thus, adequate surface temperature measurement
using pyrometers is conditioned by the correct choice of
a temperature measurement range and spectral range in
which it is possible to measure the temperature of this
type of objects. The emissive ability of every material in
accordance with (6.10) depends on the temperature and
concurrently, taking (1.3) into account, it can change for
the same material in different areas of the spectrum [9].

02
0.1
0.16]
0.14]
0.12]

0.1
0.0

0.06]

0 250 500 750 1107 125x10° 150° 175:10° 2x10°

Fig. 2. &(T) graphs for different types of metals
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Component

Functions

Video camera unit

- video shooting of observed object,

- conversion of video image to electric signal,

- conversion of video signal to digital stream,*

- information stream compression*

- video stream transmission through a unified interface.*

Video information processing unit

- video stream reception through a unified interface,**
- temporary video stream storage,

in accordance with calibration results,***

performance capability),

- software-based physical quantity calculation using already developed methodologies

- application of anti-jamming coding to information stream (encoding),
- acquisition of telemetry information regarding the functional state (system constituent

- preparation for transmission of targeted data via radio link.

Video information transmission unit

- targeted information stream modulation,
- amplification of modulated information stream,

- transfer of information stream to the required frequency range,
- information transmission through a high-frequency link to antenna-feeder device.

Video information reception unit

- target information reception via a radio link,
- information stream demodulation.

Parameter calculation and display unit

- target information decoding,

measurement (e.g., SI system),
- visual or graphical display of measured parameters.

- acquisition of raw data (video images or information about physical quantities),****
- numeric representation of the measured parameters using required units of

* - function realization is possible in the video information processing unit

** - in the event of video signal digitization in the video camera unit

**#* - function realization is allowed in the parameter calculation and display unit
% reverse operation of preparation for targeted data transmission via radio link

Table 2. Thermal properties of some metals

Resistivity of metal at 20°C Coefficient of thermal :
Metal L . Melting temperature, (K)
(p,, ohm-cm) variation of resistivity (&)
Aluminum 2.82x10 3.6x107 933
Copper 1.72x10°6 4.0x10 1356
Iron 9.80x10 5.0x107 1808
Nickel 7.24x10° 5.4x10° 1726

For defining the gray body temperature it is sufficient
to measure the power Y(A,T) emitted by the unit surface
area of the body in a fairly narrow spectral interval
(proportional r(A\,T)) for two different waves [5]. The
ratio of Y(A,T) for two wavelengths is equal to the ratio
of the dependences f(A,T) for these waves, expressed by
the ratio:

YO, T)  r(a,T)  f(hy,T)
Y T)  r(A,T)  f(OT)

(1)

The temperature T can be derived mathematically
from the given equality. The temperature thus obtained is
referred to as “color temperature”. The color temperature

of a body, determined by formula (1), will be equal to the
actual temperature, assuming that the monochromatic
absorption coeflicient does not strongly depend on the
wavelength. Otherwise, the concept of color temperature
loses its meaning. According to [2, 4], “the color
temperature of a gray body coincides with the actual
temperature, and can also be calculated from Wienss
displacement law”.

The more widely used pyrometers for controlling
industrial product surface temperatures work in the
spectral sensitivity range of 7 to 14 (up to 18) um.
Nonetheless, pyrometers are mostly based on the
principle of measuring total radiation [10].

ROCKET-SPACE DEVICE ENGINEERING AND INFORMATION SYSTEMS Vol. 5, Iss. 2, 2018



88 D.I. KLIMOV

The estimation accuracy of the measured object
surface temperature with the application of total-radiation
pyrometers depends on the correct definition of €.

In this case, temperature measurement in controlled
areas is carried according to color spectrum’® [4] or
brightness, based on Planck’s law and the principles of
spectral and brightness pyrometry.

Thermo-video systems based on the pyrometric
method* of temperature measurement are applicable
for object thermal control. With their help, it is possible
to control deterioration of thermal protection and
mechanical damage to the structure.

* According to [4], spectral exitance r(1,T)=dW/dl is the amount
of energy emitted by the body’s surface unit per unit of time at one
unit wavelength (near the wavelength of interest 1). In other words, the
quantity is numerically equal to the ratio of energy dW emitted by a
surface unit per unit of time in a narrow wavelength interval from 1 to
1+dl, to the width of the interval. It depends on the body temperature,
wavelength, as well as on the nature and state of the surface of the
emitting body. The SI system r(l, T) base unit is [W/m’].

Radiant exitance R(T) is related to the spectral exitance r(l, T)
the following way:

R(T) = [ r(4,T) dA, [W/m?], (3.4)

According to [5], the color temperature T, of a body is
the temperature of an absolutely black body at which the relative
distributions of spectral exitance of a black body and of the body in
question are as close as possible in the visible region of the spectrum.

The color temperature is the radiation temperature of separate
chemical elements; it is displayed on the spectrograph in the form
of individual spectral lines emitting at a particular frequency
(wavelength).

The method of spectral (color) pyrometry is based on the Planck
distribution in the wavelength range, namely [3]:

__ 2mhc? 1
Y=—F—*—= &, (3.5)
ekTA-=1

where k = 1.8x10% J/K is Boltzmann’s constant, & = 6.63x10 Js is
PlancK’s constant, ¢ = 3x10° m/s is the speed of light, T is temperature
(K), X is wavelength (m), ¢, is the integral coefficient of thermal
radiation.

* The spectral pyrometer is calibrated against the radiation
of an absolutely black body (on the same wavelength) in degrees of
brightness temperature T}, related to the thermodynamic scale by the
ratio [13].

1 1 Ay
Taij Tij 1438

In g;;. (4.6)

where T, is the actual (calibrated) average temperature in the
controlled zone of the image field,
1.438T;;

T .. —mMm8M8 ——— 4.7
altj 1.4—38+).ijTij In €2ij ( )

Hot bodies with temperatures exceeding 250-
300°C are of particular interest within the framework
of the present paper. Temperature values [4, 11] given
in Table 3 call for special attention from the operator
during temperature monitoring after video information
processing because breakage of various materials occurs
in the vicinity of the given temperatures.

With the purpose of expanding the temperature
range for temperature monitoring in the chosen image
field, cameras should be installed in twos pointing at one
field-of-view in a protective heat-insulated enclosure
[12]. One camera will be equipped with a virtual phase
charge-coupled device and the other — with an infrared
charge-coupled device. Both cameras should be set to
the same field-of-view and should simultaneously send
the received information streams to the information
display equipment. Since photorecorders have differing
resolutions, equal fields-of-view for two cameras can
be provided by installing lenses with different pupil
diameters of objective lenses and different focal lengths.

Considering the use of a wide spectral band, the
video camera should be equipped with special lenses and
photorecorder devices for data reception in the infrared,
visible and ultraviolet bands. Such lenses are: a “sapphire
window” (for the wide range 0.2 -6.0 um), quartz glass
(for near ultraviolet band, visible and near infrared bands
0.2-2.2 um), optical silicon (for near and middle infrared
band 1.2-6.0 pm), germanium (for middle infrared band
1.2-15.0 um) [10]. As for photo recorders, for the 0.2-1.0
um band virtual phase charge-coupled devices should be
used; for the 1.2-5.3 um band - infrared charge-coupled
devices with thermoelectric coolers (Peltier) [15], for the
8-14 pm band - microbolometer modules [10].

Table 3. Melting and deformation temperatures of some types

of metals
Temperature
Material Melting point, K ?ﬁ;;?éefiiEﬁz
crystal lattice, K

Aluminum 933 723
Titanium 1933+20 1156
Iron 1812 1042
Tungsten 3695 1473
Steel (mean values) 1720...1795 1258
Nickel 1726 956
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Fig.3. Temperature measuring video telemetry system functional diagram

For measuring temperatures of power-loaded
areas of industrial products the 500...3000 K [4, 9]
temperature range should be chosen. However, in areas
with high radiation under the influence of ionizing
flux, the spectral components of the thermal radiation
of materials can radiate both in the visible and, even, in
the ultraviolet region. Various materials (for example,
metals), depending on the chemical properties and atom
structure, have their own radiation spectrum and it can
be located in different parts of the bands in question.
In addition to this, as the temperature rises the spectral
density of radiation shifts from the infrared band towards
the ultraviolet band. For this reason, to ensure higher
accuracy and thermal control efficiency, the maximum
measured temperature should be increased up to 9500 K
and, in doing that, the 0.3-5.3 um band will be used.

Figure 3 depicts a functional diagram of the
transmitting part of the temperature measuring telemetry
system. It includes two types of video cameras that differ
in spectral bands, photorecorder resolution and lens
materials. Data acquisition modules receive information
streams (or video signals), carry out their digitalization
(if needed) and provide temporary video information
storage.

Before transmitting information through a wireless
channel, itis necessary to ensure anti-jamming coding and
compression that are carried out by the video information
processing module. Figure 4 gives an overview of the
video information compression algorithms [7, 14].

Moving on to the receiving part of the video
telemetry system for temperature measurement — the

functional diagram of the temperature measurement unit
is given in Figure 4. Video information in the information
display equipment is sent to a packet decoding device
with a frequency of 1...3 fps and in output we receive the
brightness value. The image field in question is divided
into zones. The total amount of dots in an image field
defined by the resolution of the photorecorder is divided
into zones with an area ranging between 5x5 pixels
and 20x20 pixels. The choice of the required zone for
temperature monitoring is made either by the operator
or in automatic mode upon introduction of a threshold
temperature when programming the processor of the
video telemetry system. The information about the
brightness or chromaticity of the object (usually gray)?)

> All bodies in nature partially reflect the radiation falling on
their surface; therefore, they do not belong to absolutely black bodies.

If the monochromatic absorption coefficient of a body is the
same for all wavelengths and is less than one (a(\,T) = oT = const < 1),
then such a body is referred to as gray. According to [4], “to determine
the absorption capacity of bodies relative to electromagnetic waves of
a certain wavelength the concept of the monochromatic absorption
coefficient is introduced - the ratio of the monochromatic wave
energy absorbed by the body surface to the energy magnitude of the
incident monochromatic wave:

_ Wabs(A'T)
01(/1, T) N Winc(4,T)

(5.8)

The quantity a(A\,T) can take on values from 0 tol. Kirchhoff
demonstrated that for all bodies, regardless of their nature, the ratio of
spectral exitance to the monochromatic absorption coefficient is the
same universal function of wavelength and temperature f(A,T) as the
spectral exitance of an absolutely black body:

m=ran

ZGD) (5.9)
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Table 4. Comparative analysis of video information compression algorithms

Parameter MPEG-2 JPEG2000 H.264
Hadamard transform and
Transform Discreet cosine transform Discreet wavelet transform integral discreet cosine

transform

Intraframe statistical,
interframe encoding and the
use of the motion vector for

prediction

Video processing

Intraframe statistical,
interframe encoding and the
use of the motion vector for

prediction

Intraframe statistical

Recommended field of Video image encoding

L . Dynamic im f 1
Static image encoding ynamic image of rectangular

application format encoding
Possibility of 1ossless Yes Yes Yes
compression
Typical compression ratio 15-50 20-150 40-200
range

Compression ratio with

noticeable resolution loss Higher than 1:50

Higher than 1:150 Higher than 1:200

Computational complexity Medium

Medium High

Disadvantages Low compression efficiency

Complex algorithms,
resource-intensive encoding
and decoding

Irreversible information loss
at high compression ratios

in the given zone and the results of its comparison with
the radiation energy matrix in the decision making
device, with account of wavelength, the value of
brightness (spectral temperature) in the zone in question,
is calculated [3].

The thermodynamic temperature of the controlled
area of the measured object image field is determined by
comparing the received values with the data of spectral
pyrometry calibration ratios [11].

Conclusion

Thus, a thermo-video telemetry system (TVTS) is
a system of video telemetry for contactless temperature
(radiation of physical bodies® - objects) measurement in

¢ The integral coefficient of radiation is temperature-dependent.
In the case of dielectric materials €(T) it usually decreases with the
increase of temperature. This has to do with the fact that the refractive
index of materials increases with the temperature. Yet, the electrical
conductivity of metals decreases as the temperature rises due to the
thermal excitation of the molecular lattice, which causes the increase
of &(T). It should be noted that € does not change for water and is
approximately equal to 1 (one), for graphite ¢ ~ 0.95...0.98. The
approximate expression is known for the temperature-dependent
integral coefficient of radiation for metals [5]:

£(T) ~ 0.5737/p(T)T — 0.769p(T)T (6.10)
p(T) = po(1 + (T — 293)) (6.11)

where p(T) is the temperature-dependent resistivity of the metal,
p, — resistivity of the metal at 20°C (293 K), a - coefficient of thermal
variation of resistivity.

a wide temperature range via optical method application
by the integral coefficient of radiation’ of power-loaded
industrial products.

The distinctive features of the observed object
thermo-video telemetry are the following:

e contactless temperature measurement

e wide range of measured temperature for object
points

e video rendering of temperature distribution
across observed object surface

e a visual representation of the temperature
dynamics of the object surface as a whole

e prompt detection of anomalous temperature
zones.

Temperature measuring video telemetry systems
will allow for a substantial decrease in the quantity of
temperature sensors and cables with a simultaneous
increase in the quantity and improvement in the quality
of the information received about the temperature of

7 The spectral pyrometer is calibrated against the radiation of an
absolutely black body (on the same wavelength) in degrees of bright-
ness temperature T}, related to the thermodynamic scale by the ratio [4]

1 1 Ay

Tij 1438

(7.12)
Tqij
where T is the actual (calibrated) average temperature in the con-
trolled zone of the image field,
1.438T; j

(7.13)
1.438+ﬂijTij In EAij

Toij =
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Fig. 4. Functional diagram of temperature measuring unit

power-loaded elements of the object or product by
carrying out both point and zone monitoring to track
temperature parameters.

The implementation of thermo-video telemetry will
permit to increase the controlled area of the surface of
the controlled object of the industrial product and, at
the same time, it will widen the range of the measured
temperature and reduce the temperature information flow.
Thermo-video telemetry will promptly analyze standard,
contingency and emergency situations by monitoring
anomalous temperature zones in power-loaded areas via
video images of the surface of the observed object.

The paper proposes a method for measuring the
temperature of observed object power-loaded areas with
use of a thermo-video system along with:

- introducing definitions video
telemetry control of industrial products

- developing a generalized functional diagram of a
video telemetry system

- developing a functional diagram of the
transmitting segment of the temperature measuring
video telemetry system

- formulating the requirements to the spectral
range of the thermo-video telemetry system for
measuring temperature in the power-loaded areas of
industrial products

- developing a functional
temperature measurement unit of the video telemetry
system

concerning

diagram of the

- carrying out a comparative analysis of the
existing video information compression algorithms

- formulating the requirements to the
implementation of a video telemetry system and its
distinctive features.
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