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CLARIFICATION OF THE ALGORITHM FOR ESTIMATING THE FREQUENCY OF
THE SIGNAL RECEIVED BY THE SATELLITE COMMUNICATION SYSTEM IN A
CONTINUOUS MODE UNDER THE INFLUENCE OF «<NEIGHBORING CHANNELS»

Abstract. Satellite communication systems that use phase modulation of a signal designed to transmit useful information in a
continuous mode face the problem of frequency uncertainty of the signal when used as intended. For demodulators of satellite mo-
dems of such systems operating with a continuous input signal, the most significant is the problem of synchronization in the fre-
quency of carrier oscillations in the conditions of frequency uncertainty of the signal. This synchronization task is actually reduced
to estimating the true parameters of the signal, namely the estimation of the carrier frequency. The complexity of the task of esti-
mating the carrier frequency in a satellite channel with phase modulation is exacerbated by the presence of additional interfering
actions of "neighboring channels" - signals with the same type of modulation and the same data rate. The paper specifies the algo-
rithm for estimating the carrier frequency of the signal received by the satellite communication system in a continuous mode, tak-
ing into account the influence of "neighboring channels" of information transmission. This algorithm allows to estimate the carrier
frequency according to the rule of maximum likelihood, taking into account the condition of uncertainty of all parameters of the
signal received by the satellite communication system in continuous mode, taking into account the influence of "neighboring
channels" of information with a minimum observation interval. It includes the steps of: calculating the readings of the amplitude
spectrum of the received signal and counting the convolution of the obtained amplitude spectrum with frequency response UV;
calculating the count of the derivative convolution and finding the initial estimate of the frequency; based on the obtained evalua-
tion of the evaluation procedure based on the multiplication of the phase of the received signal and the calculation of the estimated
carrier frequency of the received signal.In order to assess the effectiveness of this algorithm in the comparison of the effectiveness
of the estimates provided by the proposed procedure and the estimates made on the basis of subtraction of the global maximum
convolution of the amplitude spectrum of the received signal. The results of this assessment presented in the paper showed that the
dependences of the normalized variance on practically do not differ. That confirms the efficiency and feasibility and practical
value of the algorithm for estimating the carrier frequency given in the work, taking into account the influence of "neighboring
channels" of useful signal transmission. A promising area for further study of the issues raised in the work is the adaptation of this
algorithm to the carrier frequency estimation in combined phase synchronization systems that have the ability to increase the order
of astatism, monitoring the carrier frequency (pilot signal), the phase of which is modulated by a deterministic Doppler signal.

Keywords: estimation of signal carrier frequency; minimum limiting variance of carrier frequency estimation; influence of
"neighboring channels" of information transmission; fast Fourier transform function; signal frequency estimation algorithm.

Introduction

Satellite communication systems that use phase
modulation of a signal designed to transmit useful in-
formation in a continuous mode face the problem of
frequency uncertainty of the signal when used as in-
tended. For demodulators of satellite modems of such
systems operating with a continuous input signal, the
most significant is the problem of synchronization in the
frequency of carrier oscillations in the conditions of
frequency uncertainty of the signal. This synchroniza-
tion task is actually reduced to estimating the true pa-
rameters of the signal, namely the estimation of the car-
rier frequency. The complex signal envelope contains
unknown values v, ¢, 1. That is, the task of synchroniza-
tion is actually reduced to the assessment of the true
parameters of the received signal — v, ¢, t, knowledge of
the parameters of which is necessary for demodulation
of the signal [2].

The best results can be obtained by a joint assess-
ment of unknown signal parameters. However, in prac-
tice, it is not possible to implement such an estimate in a
channel with low energy and high frequency uncertainty
of the received signal. Therefore, the estimation of the
carrier frequency offset of the signal received relative to
the nominal value is performed before other synchroni-
zation procedures are included, namely: phase synchro-
nization and clock synchronization [3-5].

The complexity of the task of estimating the car-
rier frequency in the satellite channel is exacerbated by
the presence of additional interfering actions of
"neighboring channels" - signals with the same type of
modulation and the same data rate [6,7].

Sufficiently effective results of carrier frequency
estimation can be obtained by applying a two-stage al-
gorithm for estimating the carrier frequency of a phase-
modulated signal of a satellite communication system
when transmitting data in a continuous mode, taking
into account the uncertainty of all signal parameters.
Achieving the minimum observation interval in the
given carrier frequency estimation algorithm is ensured
by using the fast Fourier transform function [8].

In practice, the signal of the "neighboring channel”
can exceed the signal level in the main channel by 7 dB,
the difference in frequency of the "neighboring channel”
from the main is a value equal to 1/4T [6]. The algo-
rithm presented in [8] does not take into account the
influence of "neighboring channels". That is, an effec-
tive assessment of the carrier frequency in a satellite
channel requires consideration of the influence of adja-
cent channels. Which, in turn, necessitates the im-
provement of appropriate estimation algorithms.

Analysis of recent research and publications. The
issue of determining the estimate of the carrier frequency
of the signal received by the communication system in a
continuous mode and the development of the procedure for

74

© Turovsky O., 2020



ISSN 2522-9052

CyuacHi indopmaniiini cucremu. 2020. T. 4, Ne 3

conducting this assessment, taking into account the influ-
ence of various factors, a number of works.

The authors of [9] proposed an algorithm for joint
estimation of carrier frequency, its synchronization and
determination of carrier frequency shift in channels with
additive white Gaussian noise. This algorithm uses a
frequency filter followed by a selection of input pulses
in order of importance, takes into account the previous
distribution of evaluation parameters and includes rec-
ommendations for re-sampling to solve the degeneracy
problem and fine-tune the estimated values of the input
signal frequency. The issue of assessing the impact of
"neighboring channels" in this work was not considered.

In [10] the method of sequence synchronization
proposed by the authors is considered, which expands in
the conditions of significant excess of the noise level
over the level of the information signal. For synchroni-
zation the service channel which works on one frequency
with information is used. Channel distribution is per-
formed during the formation of signals of quadrature
channels: in-phase channel is used to generate a phase-
locked signal with spread spectrum, quadrature channel is
used to transmit a clock signal. The synchronization algo-
rithm proposed by the authors lacks data and procedures
for calculating the impact of "neighboring channels",
and does not take into account the evaluation interval.

In [11] a variant of technical implementation of
high-speed carrier frequency recovery algorithm by di-
rect phase adjustment method of reference generator
with simultaneous elimination of phase ambiguity and
allocation of frame synchronization using coordinated
filters with Barker sequences is proposed. The use of
this algorithm involves a preliminary assessment of the
carrier frequency of the input signal, but without taking
into account the interval of determination and evalua-
tion of the impact of "neighboring channels".

The author of [12] proposes an approach to reduce
the error of estimating the carrier and symbol frequency
of signals with digital modulation by methods based on
the analysis of the frequency characteristics of the sig-
nal. The approach is based on the calculation of the first
derivative of the spectral density function and the search
for zero by the iterative method of the erroneous posi-
tion. This approach allows to ensure the relative accu-
racy of frequency estimation to 10-7 with a slight in-
crease in the number of computational operations, but
the issue of increasing system speed and directly taking
into account the impact of "neighboring channels"
against the background of reducing the estimation inter-
val is not considered.

In [13], based on the relative correlation character-
istics of the pseudo-noise sequence, an algorithm for
estimating the carrier frequency was developed, using a
preamble with the specified sequence. The evaluation
results of this algorithm, presented in the work, showed
its relative efficiency in terms of estimation accuracy,
savings in system resources and stable in the unstable
state of the communication channel. The question of the
influence of the carrier assessment interval on the effi-
ciency of the system and the question of the assessment
of the influence of "neighboring channels" were not
considered in the work.

In [14, 15] the issues of increasing the accuracy of
estimating the carrier frequency of the received signal,
increasing the speed of the carrier frequency estimation
system, storage resource of the signal receiving system
in the unstable state of the input signal receiving chan-
nel and low signal-to-noise ratio are considered. It is
proposed to use a pseudo-noise sequence in the devel-
opment of an algorithm for estimating and restoring the
carrier frequency. The issues of assessment of the im-
pact of "neighboring channels" and reduction of the
assessment interval in these works are not considered.

Certain results of the assessment of the impact of
neighboring channels are presented in [16]. But in this
work there is no consideration during the evaluation of
all signal parameters, and the lack of an algorithm to
reduce the evaluation interval, which generally affects
the quality of the results.

Analysis of the impact of '"neighboring channels"

The influence of "neighboring channels" on the effi-
ciency of estimating the carrier frequency of the FM sig-
nal will be estimated by the method of mathematical
modeling. During the simulation, the samples of the
complex envelope of the received signal were generated,
which are presented in the following form [2, 8, 17]:

z, =exp(j(2nv-n/Fd))-Zk(n/Fd —kT —1)+
+2,24-(z;+z;)+wn,

()

zy =exp(j(2n(v+1.4~T)~n/Fd +¢+))><

where
xzkd;h(n/Fd kT <",

2y =exp|J(2n(v=14-T) -0/ Fy +7 )|«
xzkd;;h-(n/Fd —kT—‘C—);

The influence of "neighboring channels" on the
complex envelope of the signal was taken into account
during the simulation in expression (1) through the value
of 2.24. The value of which means the fact that the levels
of adjacent channels exceed the level of the main channel
by 7 dB (201g (2.24) = 7) [4]. As before, assume that the
values of ¢, ¢', ¢ are independent and evenly distributed
in the range [0, 2nt]. Values t, ©', T independent, evenly
distributed in the range [0, 7] of random variables. The

transmitted data d, , dj|, d; were generated from three

independent random number sensors.

As an example in Fig. 1 shows a fragment of the
normalized amplitude spectrum of one of the received
signal implementations obtained during the simulation
[16]. In this Fig. 1 i the abscissa reflects the sequence
number of the amplitude of the spectrum obtained by
FFT length 2048. In Fig. 2 shows the result of calculat-
ing the convolution of the amplitude spectrum of the
signal with the amplitude-frequency characteristic of the
matched filter (AFCh MF) [16]. In this case, the maxi-
mum convolution of the amplitude spectrum of the sig-
nal received from the AFCh MF is far enough from the
actual frequency of the carrier oscillation of the signal
of the main channel.
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Fig. 1. Normalized amplitude spectrum of the received signal.
N;= 2048, type of modulation FM-2, Ey/N;, =0dB, v=0
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Fig. 2. Normalized convolution of the amplitude spectrum

of the signal received from the AFCh MF, taking into
account the influence of "neighboring channels"

The identified case differs significantly from that
presented in [8] in the absence of "neighboring channels"
(Fig. 3). In this case, the implementation of the proce-
dure of the first stage of the estimation algorithm based
on finding the abscissa of the global maximum convolu-
tion of the amplitude spectrum of the signal received
from AFCh MF gives an erroneous estimate of the car-
rier frequency of the main channel signal.
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Fig. 3. Normalized convolution of the amplitude spectrum
of the signal received from the AFCh MF

But on the dependence presented in Fig. 2, there is
a point maximum, at which the first derivative turns into
0 (around m = 0). In fact, in the neighborhood m = 0,
we observe the maximum point of some function, which
determines the dependence of the convolution value
SW,, on the number of the spectral component m .

Thus, the problem is to find the value of the ab-
scissa of the considered maximum.

The proposed evaluation procedure differs from
the above in that the evaluation of the first stage is not
sought on the abscissa of the considered convolution
maximum, but on the abscissa of the maximum of the
considered function, in which the first derivative is con-
verted to 0. The canonical solution of the problem of
finding the extrema of a function is reduced to the nu-
merical differentiation of the dependence SW,, as a
function of the quantity m .

It is known that the implementation of the opera-
tion of numerical differentiation gives significant noise
emissions. Therefore, thinning was used to perform this
procedure to smooth out noise emissions. Numerical
differentiation of dependence SW,, with thinning is

realized as follows:

1 _
SWy = dfo (W, =W )+
+df; (SWm+mO/2 h SWm—mO/Z )’

where SW,L — the first derivative of the convolution;
m=—N,

max+m0,—Nmax+2m0,...,Nmax—m0, my —

even positive number; N, = [(Vmax/Fd )-Nf] , dfy,

df| — positive constants.
As a result of calculations of the first derivative
convolution there is a point K;,. which is defined as a

point of change of a sign of a derivative from a plus to a
minus. Since differentiation was performed with thin-
ning, the value Kj,. did not directly determine the ex-

tremum point.
To find the latter, you need to return to the de-
pendence SW,, and find the corresponding point of the

local convolution maximum M, as follows:

My, =arg {Max{SWm }/(m() (Kloc - l))} .
The value M;,. actually determines the amount of

offset of the carrier frequency of the main channel. Ac-
cordingly, the assessment is rewritten as:

v=My.-(F/Nys). )

Based on the assessment of the formulas (2), in
turn, an evaluation procedure based on the multiplied
phases of the received signal is performed. As a result:

v=vh+(1/My) fir,. 3)

It should be noted that the increase m leads to the

smoothing of noise emissions of the first derivative, but
on the other hand leads to a deterioration in the accuracy
of the estimate at the calculation stage Kj,.. It was ex-

perimentally established that in the considered condi-
tions for realization of procedure of differentiation it is
necessary to stop on mg = 16. For my =16, df = 2/3,
df y=1/12. The simulation results showed that even
under the worst conditions (adjacent channels have the
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maximum allowable level and is characterized by the
minimum allowable frequency offset) in the considered
convolution there is a maximum point at which the first
derivative is converted to 0.

As an illustration, the result of numerical differen-
tiation of the dependence presented in Fig. 2 for
mg =16, presented in Fig. 4 [16].
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Fig. 4. The results of the calculation

of the first derivative convolution

When calculating the derivative & varies from

_[Nmax/m()] -1 to [Nmax/m0]+1 .

Thus, the algorithm for estimating the frequency of
the carrier oscillation of the FM signal is as follows.

1. Calculate the samples of the amplitude spectrum
of the signal received in accordance with (4) and the
samples of the convolution of the obtained amplitude
spectrum with AFCh MF in accordance with (5) [8]:

Gk+%, k=0,1,..,N/2-1

SRk= s (4)
Gk+Nf/2’k=Nf/2st/2+ls’Nf_l
SWm=SRm+Nf/2+
+ Hy |:SR + 24k T SRm+ 2—k}
~ meNy/ mNy/

2. Calculate the derivative of the derivative convo-
Iution and find the initial estimate of the frequency in
accordance with rule (2);

3. On the basis of the received estimation the esti-
mation procedure based on multiplication of a phase of
the received signal is carried out and the estimation of a
carrier frequency of the signal received according to
expression (3) is calculated.

To analyze the effectiveness of the evaluations
provided by the proposed evaluation algorithm, com-
puter simulation of the described procedure was per-
formed. Consider the simulation results for FM-2 in the
case of the presence of two «neighboring channels».
The simulation conditions are set out above.

Fig. 5, a shows the dependences of the normalized

variances of estimates cs% *T2; g — cs%, *T2 from the

ratio E, /N, for FM-2 and K = 256. Fig. 5,a also

shows the normalized boundaries o%, *T2 b o% *72

Of particular interest is the comparison of the effi-
ciency of the estimates provided by the evaluation proce-
dure proposed in this section and the evaluation procedure
based on the calculation of the global maximum convolu-
tion of the amplitude spectrum of the signal received from
the AFCh MF. To compare the effectiveness of the ob-
tained estimates, we compare the dependences given in
Fig. 5. Note that the dependence of the normalized vari-

ance of the estimate oZ*72 on the ratio Ej /Ny in

Fig. 5, a is almost no different from the corresponding de-
pendence presented in Fig. 5, b.

E, /Ny, dB
a

Ep/Ny » dB
b
Fig. 5. Type of modulation FM-2. K = 256; normalized

minimum limiting variance: a — 6\2/ *72 ;b— G2C *72 ;

normalized variances of carrier frequency estimates:

c— czc*T2;df 03*T2

The refined algorithm proposed in the work allows
the pain to accurately estimate the carrier frequency of
the received signal and, therefore, in general, significantly
improve the operation of the synchronization system. In
turn, a promising area for further improvement of this
system is the use of combined phase synchronization
systems, which have the ability to increase the order of
astatism, while monitoring the carrier frequency (pilot
signal), the phase of which is modulated by a determinis-
tic Doppler signal [18]. In turn, the further adaptation of
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the proposed algorithm to estimate the carrier frequency
relative to the combined synchronization systems in both
continuous and packet modes of signal reception, is a
development of the proposed direction to improve the
quality of the synchronization system [19].

Conclusions

The paper specifies the algorithm for estimating the
carrier frequency of a signal received by a satellite com-
munication system in a continuous mode, taking into
account the influence of "neighboring channels" of in-
formation transmission. This algorithm allows to estimate
the carrier frequency according to the rule of maximum
likelihood, taking into account the condition of uncer-
tainty of all parameters of the signal received by the satel-
lite communication system in continuous mode, taking
into account the influence of "neighboring channels" of
information with a minimum observation interval.

Achieving the minimum observation interval in the
given carrier frequency estimation algorithm is ensured
by using the fast Fourier transform function and estima-
tion steps:

- calculating the readings of the amplitude spec-
trum of the signal received in and the reading of the
convolution of the obtained amplitude spectrum with
AFCh MF;

- calculation of the reference of the derivative con-
volution and finding the initial estimate of the fre-
quency;

- based on the obtained evaluation of the evalua-
tion procedure based on the multiplication of the phase
of the received signal and the calculation of the esti-
mated carrier frequency of the received signal.

The paper compares the efficiency of the estimates
provided by the proposed procedure and the estimates
made on the basis of subtraction of the global maximum
convolution of the amplitude spectrum of the received
signal. A promising direction for further study of the
issues raised in the work is the adaptation of this algo-
rithm to the carrier frequency estimation in combined
phase synchronization systems that have the ability to
increase the order of astatism, monitoring the carrier
frequency (pilot signal), the phase of which is modu-
lated by a deterministic Doppler signal.

REFERENCES

1. Horbatyy, 1.V (2011), Systems of remote sensing of the Earth from space: monograph, SPOLOM, Lviv, 612 p.

2. Lyons, R.G. (2010), Understanding Digital Signal Processing, Prentice Hall, Boston, 992 p.

3. Boyko, Y.M. (2011), “Analysis of digital methods of modulation / demodulation in communication and information trans-
mission systems”, Visnyk Khmelnytskoho natsionalnoho universytetu, Khmelnytskyi, No. 1, pp. 103-110.

4. Brusin, E.A. (2007), “The use of FFT for estimating the carrier frequency of FM signals in demodulators of satellite commu-
nication systems”, Tsifrovaya obrabotka signalov, St. Petersburg, No 2, pp.14-18.

5. Pavlenko, M.P. (2012), “Implementation of Viterbi decoder on FPGA for satellite communication systems”, Visnyk
Natsionalllnoho tekhnichnoho universytetu Ukrayiny "KPI". 75 Seriya: Radiotekhnika, Kyiv, No. 49. pp. 71-75.

6. Dovgopoly, A.S., Ponomarenko, S.O., Ponomarenko, V.O., Tverdokhlibov, V.V. and Biloborodov O.0., (2018), “Improve-
ment of satellite navigation systems of armaments and military equipment under the influence of intentional interference”,
Ozbroyennya ta viyskova tekhnika, Kyiv, No. 1 (17), pp. 67-71.

7. Puzyrev P.1. (2012), “Investigation of the influence of interference on the adjacent channel on the probability of error in re-
ceiving a frequency-manipulated signal”, Omskiy nauchnyy vestnik, Omsk, No 3 (112), pp.344-348.

8. Turovsky, O.L. (2020), “Analysis of the efficiency of application of a two-stage algorithm for estimating the carrier fre-
quency of a phase-modulated signal of a satellite communication system during data transmission in a continuous mode”,

Zvyazok, Kyiv, No 3 (143), pp. 22-31.

9. Nasir, A.A. (2012), “Particle filters for joint timing and carrier estimation: Improved resampling guidelines and weighted
bayesian cramer—rao bounds”, IEEE Trans. Commun, No 60(5), pp.1407-1419.
10. Tikhomirov, A.V. (2019), “Synchronization in systems with direct spectrum expansion”, Inzhenernyy vestnik Dona, Rostov

on Don, No 9 (60), pp. 69-70.

11. Sadchenko, A.V., Kushnirenko, O.A., Koshelev, E.K. and Bondar, V.1., (2018), “Fast-acting algorithm for carrier frequency
recovery and phase synchronization in modems with QPSK modulation”, Tekhnologiya i konstruirovaniye v elektronnoy ap-

parature, Moscow, No 1, pp.28-36.

12. Nagornyuk, O.A. (2013), “Improving the accuracy of estimating the carrier and symbol frequency of signals with digital
modulation”, Problemy stvorennya, zastosuvannya ta ekspluatatsiyi skladnykh informatsiynykh system: Vol. 8, pp. 62-70.

13. Dzhing, K., Zhong U., Lu Y. and Yan K. (2013), “Investigation of the algorithm for estimating the carrier frequency offset
using the preamble with a pseudo-noise sequence”, Radioelektronika, Vol. 56, No 1, pp. 34-42, DOL:

https://doi.org/10.20535/50021347013010032

14. Juan, A.M. and Cecilia, G.G.(2011), “Block synchronization algorithms for UWB-OFDM systems”, Digital Signal Proc-
esssng, Vol. 21(2), pp. 187-295, DOI: https://doi.org/10.1016/j.dsp.2010.06.011

15. Weizhi, Z., Yuping, L. and Xiaoju, Y. (2013), “Research on carrier frequency offset estimation algorithm based on PN se-
quence preamble in OFDM system”, Radioelectronics and Communications Systems, Kyiv, Vol. 56, pp. 29-35.
16. Brusin, E. A. (2007), “Estimation of the carrier frequency of FM signals in the demodulators of satellite communication sys-

tems”, Elektrosvyaz', St. Petersburg, No 5, pp. 12—13.

17. Salim O.H. (2014), “Channel, phase noise, and frequency offset in OFDM systems: Joint estimation, data detection, and hy-
brid cramer-rao lower bound”, IEEE Trans. on Comm., No. 62(9), pp. 3311-3325, DOIL:

https://doi.org/10.1109/TCOMM.2014.2345056

18. Turovsky O., Khlaponin Y. and Muhi-Aldin H. M. (2020), “Combined system of phase synchronization with increased order
of astatism in frequency monitoring mode”, CEUR Workshop Proceedings, Vol. 2616, Session 1, pp. 53-62.

19. Turovsky, O., Drobyk, O., Makarenko, A. and Khokhlyuk, O. (2020), “Estimates of the carrier frequency of the signal re-
ceived by the satellite communication system in package mode”, International Journal of Advanced Trends in Computer Sci-
ence and Engineering, Vol 9, No. 3, pp. 3223-3228, DOI: https://doi.org/10.30534/ijatcse/2020/115932020.

78



ISSN 2522-9052 CyuacHi iHdopMmariiini cucremu. 2020. T. 4, No 3

Hapiitmna (reviewed) 25.05.2020
IpuitasaTa no npyky (accepted for publication) 26.08.2020

B1IOMOCTI ITPO ABTOPIB / ABOUT THE AUTHORS

TypoBcbkmii Osexcanap JleoHinoBHY — KaHIUAAT TEXHIYHUX HAyK, JOLEHT, 3aBiayBad Biuidy, Jlep)kaBHui yHIBEpCHTET Te-
nexkomyHikauii, Kuis, Ykpaina.
Oleksandr Turovsky — candidate of Engineering Sciences, associate professor, head of the department, State University of
Telecommunications, Kyiv, Ukraine;
e-mail: $1964101 1 @ukr.net; ORCID ID: https://orcid.org/0000-0002-4961-0876.

YTouHeHHs! aJropuTMy OMiHKH YaCTOTH CHTHAJIY, 0 NPHIMAETHCS CHCTEMOI0 CYITYTHHKOBOIO 3B’ SI3Ky
B 0e3nmepepBHOMY PeKMMi IIPH YMOBi BILIMBY «CYCIIHIX KaHAJIiB»

0. JI. TypoBchkuit

AHoTtanisi. CylmyTHUKOBI CHCTEMHU 3B’S3KY, SIKi BAKOPHCTOBYIOTh (ha30BY MOYIIALIIO CUTHAILY, IO NMPU3HAUYCHUH ist
nepeiadi KOpUCcHOI iHopManii B Oe3repeOpBHOMY pEKHUMI, IPH 3aCTOCYBaHHI 3a NPU3HAUECHHAM CTHKAIOTBCS 3 IIPOOJIEMOI0 4acTo-
THOI HEBU3HAUECHOCTI CUrHaity. st IeMOyIIsITOpIiB CYITyTHMKOBHX MOJIEMIB TaKMX CHUCTEM, L0 TIPALIOIOTh 3 Oe3MepepBHIM BXiJl-
HHUM CHTHAJIOM, HAHOUIbLI 3HAUYLIO € IIpobieMa CHHXPOHI3allil 110 YacTOTi HECYy4Ooro KOJIMBaHHA B yMOBaX YaCTOTHOI HeBU3HAYE-
HOCTi curHaty. Bkazane 3aBnaHHsS CHHXPOHi3awii (h)aKTHIHO 3BOJUTHCS O OLIHKH ICTHHHHUX ITapaMeTpiB CUTHAIY, a caMe OLHKH
Hecydoi yacTord. CKIIaJHICTh 3aBJIaHHS OLIHKM HECY4YOl YaCTOTH B CYITyTHMKOBOMY KaHaJli 3 ()a30BOIO MOIYJIALIEI0 YCYTyOIs€ThCs
HasIBHICTIO JIOATKOBHX 3aBAXKAIOUMX il «CYCITHIX KaHAJTiB)» — CUTHAJIB 3 THM )K€ CAaMHUM THUIIOM MOJIYJISILII 1 Ti€IO K IIBUJIKICTIO
nepenadi iHpopmauii. B poOori yrouHeHo anroputM OLiHKY HECYy40i YaCTOTH CUTHAILY, L0 IIPUHMAETHCS CYITyTHUKOBOIO CHCTEMOIO
3B’s13Ky B Oe3MepepBHOMY PEXUMI 3 ypaxyBaHHSAM BIUIMBY «CYCIJIHIX KaHaJiB» repenaui indopmartii. Bkazanuii anropurm nae 3mo-
'y 3UACHUTH OLIHKY HECY4Ol YaCTOTH I10 MPaBIIIy MaKCHMAaJIbHOI PAaBAONOAIOHOCTI 3 BpaXyBaHHAM YMOBH HEBU3HAYEHOCTI BCIX
IapaMeTpiB CUTHAILY, 110 NPUIMAETHCS CYITYTHUKOBOIO CHCTEMOIO 3B’513Ky B O€3IIepEepBHOMY PEXHUMI 3 ypaxyBaHHSAM BIUIMBY «CYCi-
JIHIX KaHaJIB) nepezadi iHpopMalii npu MiHIMaIbHOMY iHTEpBaIi CIIOCTEpEKEeHHs. BiH BKIIto4ae eTanu: oO4YKCICHHS BiUIIKY aMIl-
JITYHOTO CHEKTPY CUTHAILY, IO NPUIMAEThCs 1 BiUTIKY 3TOPTKH OTPUMAHOrO aMILTITYJHOro ciekrpy 3 AUX Vd; obuncnenHs
BiUTiKy HOXi/THOI 3TOPTKH 1 3HAXOJKEHHSI IEPBUHHOI OLIHKH YaCTOTH; HA OCHOBI OTPUMAHOI OI[IHKH MPOBEICHHS IPOLEypH OLiH-
KM, OCHOBaHOI Ha IIOMHOKEHHI (ha3i CUrHaILy, 1110 NPUHMAEThCS 1 OOYNCIICHHS OLIHKU HECY4oi 4acTOTH CUTHAILY, IO IPUHMAEThCS.
3 MeTor0 OLHKH e(hEeKTUBHOCTI BKAa3aHOI'0 JITOPUTMY B pOOOTI NMPOBEIEHO MOPIBHAHHA €(EKTUBHOCTI OLIHOK, 3a0e3IeueHNX 3a-
IPOIIOHOBAHOIO MPOLIEYPOIO 1 OLIHOK, 311 ICHEHHX Ha OCHOBI OZIpaxyBaHHs INI00AIBHOr0 MAKCUMyMY 3rOPTKH aMILTITYJHOTO CIIeK-
TPy CUTHaiy, o npuiiMaerses. [Togauni B poOOTI pe3ynbraTH BKa3aHOi OLIHKM MOKA3alH, 3aJIeXHOCTI HOPMOBAHOI JMCHepCii Bif
MPAKTUYHO He Bizpi3HsoThcs. Lo miarBepmkye edeKTUBHICTD Ta pealli3yeMicTh Ta NPaKTUYHY LIHHICT IIOAAHOTO B POOOTI airo-
PHUTMY OLIHKH HECy4Ol YaCTOTU 3 YpaxXyBaHHSM BIUIMBY «CYCIIHIX KaHaIiB» Iepejaui KOpUCHOro curnaiy. IlepcriekruBHUM Ha-
HPSIMKOM IIOAAJIBLIOTO JOCIIUKEHHS HOPYLIEHUX B POOOTI IIMTaHb € aJIalTallisl BKa3aHOro AJrOPUTMY JI0 OLIHKH HECy4oi 4acTOTH B
KOMOIHOBaHHX cHCTeM (ha30BOi CHHXPOHI3AL|i, 1[0 MalOTh MOXKIIMBICTB JI0 ITiIBHIICHHS MOPSIKY acTaTH3MYy, IIPH CTEKEHHI 3a He-
CYYOI0 4acToTOIO (TIUIOT - CUTHAJIOM), (ha3a SIKOl MOy Ib0BaHA AeTePMiHOBAHMM JOMILIEPiBCHKIM CHI'HAJIOM.

Karo4doBi ciaoBa: omiHKka HeCcydoi 4acTOTH CUTHAIY; MiHIMAJIbHO I'DaHHMYHA JUCIIEPCis OLHKM HECY4oi 4acTOTH;
BIUIMB «CYCIJIHIX KaHaJIiB» nepenaui inpopmartii; GpyHkiis msuaKoro nepersoperHs @yp’e; alropuT™ OLIHKY YaCTOTH CUTHAIY.

YTouHeHHnE AJITOPUTMA OLCHKH YaCTOThI CUTHAJIA CHCTEMOii CIIyTHPlKOBOﬁ CBSI3H B HEMIPEPBIBHOM pPeEKHUME
MPH YCJIOBUM BJIUAHUA KCOCCAHUX KAHAJIOB)

A. JI. TypoBckuit

AHHoTanus. CIyTHUKOBbIE CUCTEMBI CBSI3H, HCIONB3YOIINE (Ha30BYI0O MOIYJALMIO CUTHAJIA, KOTOPBIH IpeJHa3HA4YCH
JUIS TIepejauk oJIe3HoM nHpopMalu B Oe3riepe6pBHOMY pexXUMe, IIPH NPUMEHEHHUH 110 HA3HAUYCHUIO CTAIIKUBAIOTCA C IIPOOIEMOit
YaCTOTHOH HEONpeJeNeHHOCTH curHana. Jisi 1eMOIy/nATOpOB CITyTHHKOBBIX MOJIEMOB TaKHX CHCTEM, PabOTAIOIIUX C HENpEephIB-
HBIM BXOJIHBIM CHTHAJIOM, HanOoJlee 3HauMMOH sIBJIsieTCs MpoOieMa CHHXPOHM3ALMH 10 YaCTOTE HECYIEro KoneGaHus B yCIOBUSX
4aCTOTHOW HEOIPEJIe/ICHHOCTH CUrHajIA. YKa3aHHOE 33/1a4a CUHXPOHM3ALMH (PaKTHYECKH CBOJMTCS K OLEHKE HCTUHHBIX NapaMeT-
POB CHTHANA, 3 IMEHHO OLEHKU Hecyllel yacToThl. CIIOKHOCTB 3a/1auH OLEHKU HECYILEH 4acToThl B CIIyTHUKOBOM KaHaje ¢ dazo-
BOM MOZYISILUEH yCyryOisercss HAIMYHUEM JIOIIOIHUTEIIBHBIX MEIIAIIMX JASHCTBUH «COCEIHMX KAHAJOBY» - CUTHAJIOB C TEM XKe
THUIIOM MOZYJISALIMK ¥ TOH K€ CKOPOCTBIO Tepefaun MHpopManuu. B padoTe yrouHeH anropuTM OLEHKH HECyIeH YacToThl CUrHala
CITyTHHKOBOI CHCTEMOM CBSI3U B HEHPEPHIBHOM PEXUME C YIETOM BIMSHHS «COCEIHMX KaHAJIOBY» Iepe/iaud HHpOpMaluK. YKa3aH-
HBIH aJrOPUTM HO3BOJISET OCYIIECTBHTH OLEHKY HECYyIeH 4acTOThI IO MPABILy MAKCHUMAIIBHOIO IPaBIONON00MS HPU YCIOBUU
HEOIPENIEIEHHOCTH BCEX NAPAMETPOB CHIHAJA CITyTHUKOBOM CHCTEMOM CBS3U B HEMPEPHIBHOM PEXHMME C YUETOM BIMSIHHS «COCE]I-
HHUX KaHAIOBY Iepesayd MH(popManuu npu MHHMMAJIbHOM MHTepBajie HaOmoneHus. OH BKIIOYAET JTallbl: BHIYMCICHUE OTCUYETa
aMILTUTYIHOI'O CIEKTPa CHrHaja U OTCYETA CBEPTKH MOIYy4EHHOTO aMILIUTYAHOro crekrpa ¢ AUX V®; BerauciIeHns oTcyeTa mpo-
M3BOJIHOM CBEPTKHU W HAXOXIECHHs MIEPBUYHOMN OLIEHKU YacTOTBI; HA OCHOBE IOMYYEHHOM OLEHKH MPOBEICHHS NPOLELYPhI OLECHKH,
OCHOBAHHOH Ha yMHO)KeHHE (pa3e CHrHala U BBIYMCIICHUS OLEHKM Hecyllel 4acToTsl curHana. C Lenbro OLeHKH 3Q(EKTHBHOCTH
YKa3aHHOT'O aropuTMa B paboTe MpoBeJeHO cpaBHEHHE 3((EKTUBHOCTH OLEHOK, 00ECIEUEHHBIX NPEJUIOKEHHOI IpoLeypoi u
OLICHOK, CJICJIAHHBIX Ha OCHOBE PACUETOB ITI00AJBHOI0 MAaKCHUMyMa CBEPTKH aMILUIUTYJHOIO CIeKTpa curHana. IIpeacrasieHHsle B
paboTe pe3ynbTaThl YKa3aHHOH OLIEHKH MOKAa3aJH, 3aBUCUMOCTH HOPMUPOBaHHOMN JUCIIEPCUH OT NPAKTUYECKU He OTInyarorcs. Yro
noATBepskaaeT 3PPEKTUBHOCTE U PEATM3yeMOCTh U MPAKTHUECKYIO LIEHHOCTh MPEJICTAaBIEHHOro B paboTe alrOpuTMa OLEHKH He-
CYIIEH 9acTOThI C Y4ETOM BIMSIHUS «(COCEIHHMX KaHAIOB» INEPENayud IMOJE3HOro cHrHajia. IlepcrieKTHBHBIM HamlpaBICHUEM Jallb-
HEHILero 1CccileI0BaHus 3aTPOHYTHIX B paboTe BOIPOCOB SBJISETCA afaNTalys yKa3aHHOIO allfOPUTMA K OLIEHKE HECYILEH YacToThl
B KOMOMHHPOBaHHBIX CHCTeM (ha30BOH CHHXPOHHU3ALUU, UMECIOT BO3MOJKHOCTb K ITOBBILICHUIO MOPSAAKE aCTaTU3MA, IIPH CIIEXKKE 32
Hecyllel yacToToH (IMIIOT - CUrHANIOM), (pa3a KOTOPOIl MOlyMpOBaHa JIETEPMUHUPOBAHHBIM JIONIIEPOBCKUM CHTHAJIOM.

Kamo4ueBblie cioBa: OLICHKa Hecymeﬁ YacCTOThbI CUT'HaJIa; MUHUMAJIBHO IPEJICIbHAsA TUCIIEPCHUS OLICHKU HeCyH.[eﬁ qac-
TOTBI; BIIMAHUC «COCCAHHUX KaHAJIOB)» II€pe€aavn I/IHq)OpMaI_II/II/I; (byHKI_II/ISI 6I>ICTp0FO HpeO6paSOBaHI/I$[ CDpre; AJIT'OPUTM OLICHKU
4acCTOoThl CUT'HaJ1a.
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