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METHOD OF FORECASTING THE CONDITION OF RADIO-ELECTRONIC

SITUATION OF MULTIPLE SYSTEMS IN THE CONDITIONS OF UNCERTAINTY

Abstract. The task of forecasting future values of the time series based on its previous values is the basis for planning in
the economy, trade, energy and technical fields. Forecasting of a radio-electronic situation in the conditions of shortage of
radio-frequency resource is a very important component of modern high-tech military conflicts, the transport basis of which
are multi-antenna radio-emitting means. For this purpose, an analysis of the known methods of forecasting the radio-
electronic situation is carried out in that article. It is established that nowadays there are many models of time series
prediction, namely: regression and autoregressive models, neural network models, exponential smoothing models, Markov-
based models, classification models, etc. Based on the above analysis, it is found that the most appropriate for use in the
prediction problems of the electronic environment of multi-antenna communication systems are time series prediction
methods, which are based on autoregressive models. The article proposes a technique for predicting the condition of the
radio-electronic environment, which allows to increase the noise immunity of communication systems in the conditions of
deliberate interference and the unsteady nature of the predicted process, in order to ensure electromagnetic compatibility
and increase the efficiency of use of radio frequency resource by complexes. To solve the scientific problem, we use the
general scientific methods of analysis and synthesis of complex technical systems, the theory of noise immunity of radio
engineering systems and methods of mathematical modeling. It is advisable to use this technique while assessing the
electronic environment and identifying measures to enhance the security of communications systems. The calculations
show that the use of this method allows to reduce the error of the forecast by an average of 20%. It is advisable to
practically implement the proposed methodology while developing software for programmable radio stations.

Keywords: multi-antenna systems; noise immunity; radio-electronic environment; intentional interference; unsteadiness;

forecasting.

Introduction

The task of predicting future values of the time
series, which are based on its previous values is the basis
for planning in the economy, trade, energy and technical
sectors [1-5]. At the same time, the development of
hardware and software provides more and more powerful
computing platforms that can implement complex
forecasting algorithms. In addition, current approaches to
economic and technical management are increasingly
demanding accuracy of forecasting.

For today, there are many models of time series
prediction: regression and autoregressive models, neural
network models, exponential smoothing models, Markov-
based models, classification models, etc. The most
popular and widely used classes are autoregressive and
neural network models [6]. A significant disadvantage of
the autoregressive class is a large number of free
parameters whose identification is ambiguous and has a
considerable resource consumption [7]. A significant
disadvantage of the neural network model class is the
inaccessibility of intermediate calculations and, as a
consequence, the complexity of interpreting the
simulation results. In addition, another disadvantage of
this class of models is the complexity of choosing a
neural network learning algorithm [8].

That is why time series prediction methods, which
are based on autoregressive models were chosen as the
basic prediction method in this research.

There are known prediction methods, which are
based on the methods of Viner and Jaglom [6]. The
general theory of predicting random processes, which
can be attributed to the radio-electronic environment
(REE) is described in details in the works [7-9]. From
the analysis of the performed works [7-9], it can be

concluded that the effectiveness of the made decisions
depends on the volume of a priori data, the processes,
which are investigated, and the methods of their
presentation. The disadvantage of the existing scientific
and scientifically-methodological apparatus (SMA) is
the use of the stationarity hypothesis of forecasting
procedures, including the analysis of broadband signals.

The purpose of this article € a development of a
technique for predicting the state of radio-electronic
environment of multi-antenna radio systems operating
in a complex electromagnetic environment and shortage
of radio frequency resource, in order to ensure
electromagnetic  compatibility and increase the
efficiency of use of radio frequency resource by
communication complexes.

Presentation of main material research

In the theory of prediction of the known methods
of forecasting processes with discrete-time using
rational spectra, as well as one-dimensional stationary
processes with a constant step in time. At the same time,
the analysis shows [6-13] that the multidimensional case
in the general theory of forecasting is much more
complicated than the one-dimensional. As a rule, the
basis of forecasting in a known SMA is to analyze the
time series [5-10]. The most common methods are the
least-squares method [8] and its modifications,
exponential smoothing method, probabilistic modeling
method and adaptive smoothing method. In any case, it
is necessary to select the most appropriate model to
describe the projected process.

While performing process forecasting, discrete
samples of two types are formed:

1. The model of functional dependence of the
process is unknown. In this case, the problem of
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estimating the functional dependence model from the
whole class of available models is solved.

2. The process functional dependency model is
known and one only needs to estimate the output model
parameters (regression coefficients by,b;,b,,...). As a
rule, the following mathematical models are used: linear
is  y=by+bx, Thyperbolic is y=by+b/x,

ostentatious is y=by +bx, stepwise is y= boxb' ,

parabolic is y=bhy+bx +b2x2 , logarithmic is
¥ =by+blgx and others.

The solution of mathematical REE equations
involves the calculation of the initial data of the model
parameters (free term by and regression coefficients
b,b,,...). The most widely known of these models is

the model, which is described by the regression
equation in the form of polynomials of a polynomial:

y=/1(x)=by +byx +byx? + ..+ b, x"

where by,b,b,,...,b,,
be determined. To determine regression equation
coefficients b,, different methods are used (graphical,

is the coefficients, which should

average method), but the least-squares method (LSM) is
most often used. Determination of coefficients by, and
b, according to the LSM is carried out according to the
following equation:

N-1 N-1 N-1 N-1

lezzyl lezxiyi

bO — =l i=1 i= i=
N-1 N-1

N Z xl2 [ X;

i=1 i=

—_

o=

—_

%)

An LSM-based assessment requires the fulfillment
of a number of preconditions, which can lead to errors.
LSM is widely used to obtain specific forecasts, which is
explained by its simplicity and ease of implementation on
the personal computer. The disadvantage of this method
is that the trend model is firmly fixed, so a reliable
forecast can be obtained only for a short period of time.
LSMs are used mainly for short-term forecasting. The
method significantly complicates the correct choice of
model type, as well as the rationale and choice of weights
in the weighted LSM.

There are known techniques for predicting time
series, which are based on the use of an autoregressive
model of a variable mean with a minimum root mean
square error [6]. The basis of the prediction is a random
time series, which is an ordered random sequence of
quantities that are the values of the received signal. One
of the most important tasks while working with time
series is to predict the future values of the time series.

Three forms of model representation are presented
by the following relationships:

1) using the difference equation:

N-1 N-1 — N-1 )
(Nnyl leZle Nle-—
i=1
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2)as an infinite weighted sum of current and
previous impulses a;:

n+l 0
Inel = Z \Vn+l—laj = Z\Vjanﬂ—j >
j=—mo =0

3)as an infinite weighed
observations plus a random boost:

sum of previous

Zntl = anznﬂ—j Tapil s
J=1

where 7, is the weight coefficients.

Existing forecasting methods have the best
properties while assuming a linear steady-state process
hypothesis. Real processes are often influenced by
factors that make up the nonstationary component.

The proposed methodology considers the
possibility of extending the use of known forecasting
methods to such processes. For stationary (additive)
processes, discretization is used with a constant step.
For non-stationary processes, they typically use a
variable-step signal sampling, with the mandatory
zeroing of process formation. An example of a non-
stationary signal is a hyperbolic frequency manipulation
(HFM) signal, which is widely used in communication
systems [10]. While recording a signal

S(r)=sin(Q/k)-Inkt,

where Q is the initial frequency, & — scale factor
characterizing the slope of the modulating function
shows that the instantaneous frequency

1 dy
t =
f() 2n dt

where v is the phase of the signal that goes to infinity at
t—0. Because the reduction (expansion) operation is not
invariant with respect to the time shift operation,
information about the start of the implementation to be
processed is required to form the process of
extrapolation.

While working with this signal, you need to find
the location of zero, which determines the beginning of
the counts. The proposed method is reduced to the
following actions:

1. The input of the output data.

2. There is a temporary compression of the
predicted process that is required to provide real-time
signal processing [10]. In this case, at each step, the
implementation is updated by one count. Thus, a class
of implementations is formed that differs from each
other by one count offsets. To generate a class of
discrete samples, each implementation is subjected to
logarithm and sampling operations..

The signal implementation is resampled on a
logarithmic time scale ¢—1In¢. Since the original
process comes with a steady step, it is first restored to a
discrete process that is solved by the interpolation
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procedure. In the case of non-stationary resampling, it is
assumed that the implementation zero is known.

Suppose a given process in discrete views over a
single sampling interval over an interval of length M-1,
which corresponds to the M-countdown. Suppose also
that m has a value m e (0..M —1). While logarithmic
scaling of the signal with step ¢ we have:

0

ln(qm )— ln(qm_l ) =1In(q), Z q"

n=0

—M-1=1/1-

From here we have ¢=(M-2)/(M—1). The

interpolation procedure should begin with the last
reference of the signal implementation, considering its
value as the last reference of the interpolated process.
The specified approach to interpolation completely
stores the information, which is contained in the signal.
It can be seen that an infinite number of samples is
required for the logarithmic sampling of the N-1
interval. Therefore, we restrict ourselves to the sampling
of only a portion of the interval, which is formed by the

finite sum of geometric progression (qK -l —1) / (g-1).

Start for nodes

determined by the value:

= N=1=(¢""=1) f(g-1).

For verification it is seen that when K—oo t,—0.
While using the standard interpolation procedure, you
must set the values of the interpolation nodes from left
to right. If you invert the reference numbers by law

ke(0.K—-1):kg=K-1-k,
nodes are set by values:

Ut =(N=1)=(¢" 1) f1-q).

After
implementation of the s, (¢) formes a spectral function

S, (f.T):

interpolation ke (0..K—1) is

then the interpolation

resampling the processes for each

T
L (f.T) = jsn exp (-2nft)dt
0
The energy spectrum is then formed:

1 2
Xn (f)=7|Sn (f’T)| :

The following procedure is proposed to determine
the start of implementation. It is proposed to use entropy
as a criterion for the choice of implementation (Kulbak
information) [13]:

1/2 1/2
H(f)== [ | X(£)] [ (X(£)d|dr. )
-1/2 -1/2
1/2
where X, (1)=X(f)/ [ (X(1))dr
-1/2

is the normalized energy spectrum of the sample,

0

Z res (n)exp(—2mfin),

n=—000

X(f)=

rys (n) is the process correlation function.

A heuristic explanation for choosing this criterion
consists in the fact that it minimizes fortuity.

Then, the maximum entropy value is determined in
accordance with relation (1). This action leads to
compare the responses with the threshold voltage. When
the threshold is exceeded, it is decided that the
maximum is found.

To realize maximum entropy, we use the operation
of resampling the prediction result at the exponential
time scale t—expt.

The specified conversion is the reverse of the
conversion, which was discussed earlier. It should be
noted that the previously scaled hyperbolic process
(non-stationary) on a logarithmic scale actually made it
close to the tone. Such a signal is a stationary and well-
predicted known method. Expotential transformation
made it possible to return to the original hyperbolic
process.

The use of the proposed method allows to obtain a
more accurate prediction than using known procedures.

To test the proposed methodology, a statistical
experiment was conducted in which the effectiveness of
the proposed forecasting technique was evaluated:

S 1 'Nli]_l En,m—AAm _snm BB
"N+l = var(s,)  var(s,) )

where §,, is the output process, :vm is the result of the

forecast, AA, BB are the arithmetic average mean of the
processes defined by expressions:

N1+1-1

Z ‘ﬁ’l,m s

n=0

1 N1+1-1 1

AA,, = Sum> BBy =
" N1+1 EO mm "ON1+1

var (5, ),var(sm) is the variation of processes s,, and

:vm is determined by the formula

_ 1 N1+L-1
var(sm)leJrLZ 0 (

1. The classical forecasting procedure, the model
of which is implemented in the mathematical
forecasting environment MathCad 14, which is based on
the hypothesis of stationarity of the input data (counts
distributed evenly over time) and is estimated as an
autoregressive component of the forecast (Fig. 1).

AA)
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Fig. 1 The prediction error distribution depending
on the change in the upper frequency of the signal
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2. Procedures that use hyperbolic symmetry to
implement the prediction procedure.

In the conducted experiment the method of
efficiency estimation of procedures forecasting was
allocated. With this approach, knowing the signal and
noise characteristics, they were given a full description of
the effectiveness of these procedures. The estimation of
the prediction error is determined according to the ratio:

_ ~ 2

1 N1+1-1 Snm _AAm Snm —BBm

Cp=—"— — )
"ON1+1 var (5, ) var (8, )

n=0

where §,, is the output process, En,m is the result of

forecasting, AA, BB is the arithmetic average mean of
the processes whose mathematical description is given
in the work [8]. To form it, the input process was split
into two parts, where the first part of the process is
considered as an input sample and the second part is
unknown, but is formed by the future part of the
process. By partitioning with a section overlap by half
the size of the section and the operation of averaging the
difference of estimations, we obtain an overall average
estimation of the prediction error:

gozz(l/(M/z))~Zm(sm_ng)2, )
where M /2 means that there is an overlap half the

length of the sections.

Score (2) was calculated for the forecasting
procedures according to the first and second methods
while changing the upper frequency. From Fig. 1. we
can draw the following conclusion:

1. As the frequency band increases, the prediction
error decreases.

2. Frequencies ranging from zero to 0.1 show a
sharp increase in prediction error.

3. Starting at a frequency of 0.1 or more, there is a
slow decrease in the prediction error.

The result of the estimation of the average
correlation of prediction depending on the frequency
band is shown in Fig. 2.

From Fig. 2 we can draw the following conclusion:

1. With an increasing frequency band, the
correlation coefficient of the prediction increases.

08 -

0.7F -

06 1 1 1 1

0 0.1 0.2 0.3 04 0.3

Fig. 2. Distribution of the prediction correlation depending
on the change in the upper frequency of the signal

2. At frequencies up to 0.1, there is a fall in the
value of the correlation coefficient of prediction to
frequencies within 0.1.

3. Starting at a frequency of 0.1 or more, a slow
increase in the prediction correlation coefficient is
observed.

Conclusions

The technique of forecasting the state of the radio-
electronic situation in multi-antenna systems in
conditions of uncertainty is developed in the article.
This approach allowed us to increase the volume of a
priori data by forming a sample for forecasting data, that

is, on the time plane (A,#),0 <A <o0,—0 <7 <00,

The developed method is characterized in that the
technique additionally has operations of recirculation of
the input data on one count, resampling of the output
process on a logarithmic time scale, finding the energy
spectrum of the received signal, determining the
response, entropy of the energy spectrum of the
corresponding sample, which is subject to the maximum
of the recurrent finding a prediction for realizing the
maximum value of entropy, resampling the prediction
result in exponential timescale.

The calculations show that the use of this method
allows to reduce the error of the forecast by an average
of 20%. The direction of further research is the
development of an advanced technique for the selection
of operating frequencies for communication and data
transmission systems. The direction of further research
should be the development of advanced operating
frequency selection techniques for communication and
data transmission systems.
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MeToauka NpOrHo3yBaHHs CTaHy PajioeJeKTPOHHOI 00CTAHOBKH 0AaraTOAHTEHHUX CHCTeM B YMOBaX HEBH3HAYCHOCTI
0. C. Mowmir

3aB/aHHs IPOrHO3YBaHHA MalOYTHIX 3HaYeHb YaCOBOIO Psly HA OCHOBI Oro Momepe/HiX 3HaueHb € OCHOBOIO UL IUIAHYBaHHS
B ©KOHOMIlli, TOpIiBJi, GHEpPreTulli Ta TEXHIYHMX ramy3sx. IIporHo3yBaHHs paJioeieKTPOHHOI OOCTAHOBKH B yMOBaX JediluTy
pazmioyacTHOro pecypcy € JykKe Ba)XIMBOIO CKJIAJOBOI0 Cy4aCHHX BHCOKOTEXHOJIOTIYHMX BOEHHHMX KOH(IIIKTIB, TPaHCHIOPTHOIO
OCHOBOIO SIKMX BHCTYIAIOTh OaraTOaHTEHHI paliOBHIIPOMIHIONOYI 3acO0M. 3 Ii€I0 METOI0 B 3a3HAueHId CTaTTi IPOBEICHO aHalli3
BIJIOMHMX METOJIiB IIPOrHO3YBAHHS PaiOCICKTPOHHOI 0OCTaHOBKU. BcTaHOBNIEHO, 110 HAa CHOTOJHINIHIN JeHb iCHye Oe3nid Mozenei
MIPOTHO3YBAHHSI YaCOBUX PSIIIB, a came: PErpecHBHI i aBTOperpeciiiHi Mozeni, HelpoMepekeBi MOJEINi, MOJIEN eKCIIOHEHIIaTbHOrO
31718 pKyBaHHs, Mozieni Ha 6a3i aHuroriB MapkoBa, kiacugikariiini mozerni Ta iHur. Ha ocHOBI 3a3HaueHOro aHalli3y BCTaHOBIIEHO, 110
Ha{OUTBII JOLIIBHMM Ui BHKOPHCTaHHS B 3ajavyaX IPOTHO3YBAHHS DamiOCIeKTPOHHOI OOCTAHOBKM 0araTOAHTEHHHX CHCTEM
Pamio3B’s3Ky € METOAM NMPOTHO3YBAaHHS YacOBUX PSIIB HA OCHOBI aBTOPErpeciiHMX Mozeiei. Y CTaTTi 3alporoHOBaHA METOIHKA
IPOTHO3YBAHHS CTAaHY PajiiOelIeKTPOHHOI 0OCTAHOBKHY, 110 JO3BOJISE ITiIBUIIUTH 3aBaI03aXHILEHICTh CHCTEM 3B’sBKY B yMOBaX BIUIUBY
HaBMUCHHUX 3aBaJl Ta HECTALliOHAPHOMY XapaKTepi IPOLecy, 0 IPOrHO3YEThCs, 3 METOIO 3a0e3MeueHHs eJIeKTPOMArHiTHOI CyMiCHOCTI
Ta MiJABULIEHHS e(hEeKTHBHOCTI BUKOPHCTAHHI Pa/lioyacTOTHOTO PecypCy KOMIUICKCAMH 3B°s13Ky. st BUpIIIEHHsT HAYKOBOIO 3aBIAHHS
BUKOPHCTaHI 3araJJbHOHAyKOBI METOIM aHAJI3y Ta CHHTE3y CKJIAJIHUX TEXHIYHHX CHCTEM, TEOpii 3aBa/I03aXMUIIEHOCTI PaIlOTEXHIYHIX
CHCTEM Ta METONM MAaTeMAaTHYHOTO MOJEIIOBAHHS. 3a3HaueHy METOIHKY JOLIIBHO BUKOPHCTOBYBATH NPH OLIHII PajiiOENeKTPOHHOI
00CTAHOBKY Ta BU3HAYEHHI 3aXOJIiB, L0 CIPSIMOBAHI Ha ITiIBUIIEHHS 3aBaJ03aXUILECHOCT] CHCTEM 3B’s13Ky. PO3paxyHKH IOKa3yIOTh, 1110
BHUKODYICTAaHHS 3a3HAYEHOI METOIMKH I03BOJISIE 3MCHIUMTH IHOXHOKY NMPOrHo3y B cepexuboMy Ha 20%. IIpaxTnyHO pearizyBaTu
3aIIPOIIOHOBAHy METOIMKY JOLIIIEHO TIPY PO3POOLIi IPOrpaMHOro 3a0e3eYeHHs IPOrPaMOBAHUX PaliOCTaHIIIH.

Kaw4yoBi cioBa: 0araToaHTeHHI CHCTEMH; 3aBa/I03aXHMIIEHICTH; palioelIeKTPOHHA OOCTaHOBKA; HABMHCHI 3aBajiy;
HECTaI[iOHAPHICTh; IIPOrHO3YBaHHSI.

MeToauka MPOrHO3UPOBAHUA COCTOAHUSA piUIllOC)JIGKTpOHHOﬁ 00CTAHOBKH MHOTOAHTEHHBIX CHCTEM
B YCJIOBUSAIX HEONPEACJICHHOCTH

A.C. Momut

AnHoOTanms. 3a71a4a IPOrHO3UPOBAHNUS OYIyIMX 3HAYESHHUI BPEMEHHOIO PsiZia Ha OCHOBE €TI0 NMPEbIIYIINX 3HAYSHUH SBIISICTCS
OCHOBOH ULl IUIAHMPOBAHUS B SKOHOMHUKE, TOPIrOBJIE, SHEPreTUKE M TEXHUYECKUX o0nacTsX. [IporHO3MpoBaHUe PaiodIeKTPOHHOM
OOCTAQHOBKM B YCIOBHSX JeHMIMTA pPAOUOYaCTHOrO pecypca SBISICTCS O4YEHb BAKHOH COCTAaBILIOLICH —COBPEMEHHBIX
BBICOKOTEXHOJIOTYHBIX BOCHHBIX KOH(NIMKTOB, TPAHCIIOPTHOH OCHOBOI KOTOPBIX BBICTYIAIOT MHOIOAHTEHHbBIE PaiHOM3TydalONne
cpenctBa. C 9TOH LENBbI0 B YKAa3aHHOH CTaThe IPOBEJCH AHAIN3 W3BECTHBIX METONOB IPOrHO3MPOBAHUS PaIHOIIEKTPOHHOMN
00CTAHOBKHU. YCTaHOBIICHO, YTO Ha CETOIHSLIHUM JEHb CYLIECTBYET MHOXECTBO MOZENEi NPOrHO3MPOBAHMS BPEMEHHBIX PSIOB, a
VIMEHHO: PEIPECCHBHBIC M aBTOPErPECCHOHHBIE MOZIENH, HefpOCETEBbIe MOEH, MOJICIN SKCIIOHEHIMAIBHOTO CIIIKUBAHILS, MOZIEIIH
Ha Oa3e wLemeil MapkoBa, Kiaccu(UKalMOHHbIE Mozjenu M 1p. Ha OCHOBE yKa3aHHOIO aHA/M3a YCTAHOBJIEHO, YTO HauoOolee
Iesecoo0pasHbIM I UCIIONB30BAaHUS B 33jadax IPOTHO3HPOBAHMS PAJHMOINIEKTPOHHON OOCTAHOBKM MHOTOAHTEHHBIX CHCTEM
PAIIMOCBSI3H SIBISTIOTCS METOZBI IIPOrHO3UPOBAHIS BPEMEHHBIX PSIOB HA OCHOBE aBTOPErPECCHOHHBIX Mozielieil. B craThe npeiokeHa
METOIMKa NPOrHO3UPOBAHMS COCTOSHMS PaJMOdIEKTPOHHON OOCTaHOBKH, KOTOpas IMO3BOJSIET IOBBICHTH IIOMEXO3AIIUIIEHHOCTD
CHCTEM CBSI3U B YCIIOBHSIX BO3JCHCTBIS IPEAHAMEPEHHBIX IOMEX M HECTALMOHAPHOM XapaKTepe MPOrHO3UPYEMOro MpolLecca ¢ Lebio
00ecIeyeHHs! EKTPOMArHUTHOH COBMECTHMOCTH Y IOBBILICHIS 9()(GEKTUBHOCTH IIPH UCIOIB30BAHUY PAJHOYacTOTHOrO pecypea
KOMIUIEKCaMH CBsi3H. JUisi pelieHus] HaydHOIl 3aJayd HCIONB30BaHbI OOIICHAYYHbIe METOIBl aHAKM3a M CHHTE3a CIIOMKHBIX
TEXHHYECKHUX CHUCTEM, TEOPHH IIOMEXO3AIUMIIEHHOCTH PaJUOTEXHUYECKHX CUCTEM H METOJBl MaTeMaTHYECKOro MOJIEINPOBAHMSL
VKa3aHHYI0 METOIUKY ILIeJecOO0pasHO MCHONB30BaTh IPH OLCHKE PATUOICKTPOHHOH OOCTAHOBKM M ONPENENCHHS Mep,
HAIpaBJICHHbIX Ha IIOBBIICHHE IOMEX 3allMIIEHHOCTH CHUCTEM CBS3M. PacueThl MOKa3bIBAIOT, YTO HCIOJIB30BAaHVE YKAa3aHHOH
METONUKU MO3BOJISIET YMEHBLIUTH IIOrPEIIHOCTh IPOrHo3a B cpexHeM Ha 20%. IIpakTHYecKd peaM3oBaTh IPEUIOKSHHYIO
METOUKY LeJIECO00pa3Ho NPH pa3padoTKe MPOrpaMMHOro 00eCIIeYEeH s POrPaMMUPYEMBIX PAMOCTAHIIUH.

Kiamo4deBble CJI0Ba: MHOTOAHTCHHBIC CUCTEMBbI; ITOMEXO03ANIIICHHOCTD; PAJUO3JICKTPOHHAN 06C’TaHOBKa; YMBINUJICHHBIC
TIOMEXH; HECTAITMOHAPHOCTDL, [IPOrHO3UPOBAHUE.
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