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Abstract

Modern precision measurements of time and frequency are the most accurate measurements among measurements of other
physical quantities. They are impossible without the use of highly stable reference frequency sources (frequency standards) and
frequency comparators.

The paper presents the main results of research in the calibration of precision frequency comparators using high-precision
frequency standards. The structural scheme and model of measurements, and also features of definition of the budget of the
measurement uncertainty at calibration are described.

The influence of the most significant influence values on the accuracy of measurement results is analyzed. The content of
quantitative and qualitative indicators of corrections that must be taken into account during calibration to achieve the highest
measurement accuracy is revealed. Practical results of researches of instability of the frequency entered by the comparator at zero
difference of frequencies of input sinusoidal signals at frequency of 5 MHz from the cesium generator in a frequency bandwidth of
3 Hzontime intervals of 1's, 10 s, 1 hour, and 1 day are resulted.

Practical results include numerical values and plotted on the main indicators of frequency instability, such as: increase in phase
difference between signals, relative frequency difference between signals, root mean square relative frequency deviation, root mean

square relative two-sample frequency deviation (Allan deviation), and power spectrum of relative deviations of signal frequency.
Uncertainty budgets were compiled and the results of calibration of the frequency comparator 17-308A/1 at the time intervals
of measurements of 1s, 10s, 1 hour, and 1 day are given. The main advantages of calibration of comparators with the minimum
difference of input frequencies and the optimal number of measurements at each time interval of measurement are shown.
It is expedient to use the described method by each metrological laboratory which carries out calibration of frequency

comparators.
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Introduction

Precision time and frequency measurements are the
most accurate measurements available to mankind [1].
They are impossible without high-precision and highly
stable reference frequency sources, which are frequency
and time standards. These standards are high-precision
standards and are subject to calibration in all countries of
the world. There are different methods and different
approaches to their calibration. One of the most common
and accurate is the method using frequency comparators
implemented on the phase measurement method [2, 3].
Such  comparators include:  multi-channel  phase
comparator Microsemi MMS, phase noise and deviation
analyzers Allan Microsemi 5115A, 5120A, 5125,
frequency comparator VCH-314, phase multi-channel
comparator VCH-315, receiver-comparator VCH-320,
phase comparator VCH-323, phase multichannel
comparator 47-315, frequency comparator Y7-308A/1,
etc.

Obviously, the frequency comparators themselves,
in turn, are also subject to calibration. Despite the relative
simplicity and prevalence of calibration of frequency
comparators, the issues of modeling measurements and
determining the uncertainty budget in calibration,
quantitative and qualitative correction factors that must be

taken into account during calibration, require additional
research and are not covered in the scientific literature.

These issues become especially relevant when
comparators are part of national standards of time and
frequency.

The aim of the research is to practically create a
methodology (model) of measurements when calibrating
frequency comparators with using of precision frequency
standards and to highlight the peculiarities of
measurement uncertainty estimation of during this
calibration.

The scientific novelty is to develop a methodology
(model) of measurements when calibrating frequency
comparators using high-precision frequency standards,
taking into account all the key components of
measurement uncertainty, which ensures the accuracy of
the methodology to the relative value of extended
uncertainty 2-1078,

Main part

Consider the calibration of frequency comparators
on the example of a frequency comparator U-308A/1.

The measurement scheme for calibration of
frequency comparators is shown in Figure 1.
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Fig.1. The measurement scheme for calibration of frequency comparators

The scheme includes the following components:

— the frequency and time standard, which is used
as a working standard and has the appropriate calibration
certificate;

— a power divider, which divides the output signal
of the frequency and time standard into two signals and
amplifies them to the desired level;

— calibrated frequency comparator;

— a personal computer which, by means of an
appropriate interface, performs the functions of a control
and indication unit.

Calibration of the frequency comparator is
performed at frequencies of 5, 10 and 100 MHz. The
output signal from the reference standard of frequency
and time (in this case 5 MHz) is fed to the power divider.
In the power divider, the signal is divided into two signals

f.and f,, which are amplified to the required level, and

then fed to the inputs of the frequency comparator. The
use of a power divider helps to increase the accuracy of
measurements during calibration.

The f, input is considered to be the input of the

reference signal, and the f, input is considered to be the
input of the test signal. In this case f, =f, (1+8f),

where 8f =(f, —f,)/f, is the relative frequency

difference, which
comparator.

The frequency comparator implements a phase-time
method of frequency measurement, when information
about the phase difference of the signals under research is
converted into time intervals. These time intervals are
measured using a digital time interval meter, which is an
integral part of the frequency comparator [4]. Time
intervals are automatically converted into the frequency
difference of the input signals of the frequency
comparator.

is measured using a frequency

Factors affecting the accuracy of frequency

comparator measurements

Studies conducted during the calibration of a
significant number of frequency comparators have shown
that the most significant influence on the accuracy of
frequency measurements is exerted by the following
factors:

— frequency fluctuations that occur in the signal
conversion circuit in the comparator;

— parasitic phase modulation;

— instability due to the finite
measurements;

— dependence of the comparator on the rate of
temperature change.

Frequency fluctuations that occur in the signal
conversion circuit in the comparator cause the instability
of frequency difference measurements. This leads to a
random error with zero mean (the estimate is unbiased),
and in relation to the estimate of frequency instability, this
gives a shift of the result towards larger values. The
measure of this error is the root-mean-square two-sample
relative deviation of the frequency measurement result
c/ﬁ (SRD). This value is measured in the “self-

monitoring” mode (checking the instability of the
frequency differences introduced by the comparator, with
zero frequency difference of the input signals), when the
same signal is applied to both inputs of the comparator
and the SRD function is calculated. It is allowed to use as
a standard and other measures of frequency, for example,
rubidium standards with a relative deviation of frequency
not more than 5-10°,

Parasitic phase modulation is present in the
frequency comparator in the presence of a difference in

the frequencies of the input signals Af . It occurs after the
frequency conversion and has a frequency f_that is a

number of

multiple of the input frequency difference ( MAf ).
For signals with a frequency of 5 MHz, the most
significant components are Af and 20Af ( m=1 and

m=20), for a frequency of 10 MHz are Af and 10Af

components, and for a frequency of 100 MHz is a Af

component. A characteristic feature of such modulation is
the increased scatter of the measured values of the
frequency difference and a significant increase in the
estimates of frequency instability at some values of the
measurement time T. This error can be calculated based

on the amplitude of the phase modulation A, and the

frequency response of the calculated function.
The additional frequency instability at the input

frequency of 5 MHz should not exceed 2,0-10° Af/f



regardless of the measurement parameters Af and T .
Amplitude of modulation A, (in time units) at an input
frequency of 5 MHz for modulation frequencies Af and
20Af does not exceed 10 ps.

The introduced parasitic frequency difference can be
calculated by the formula:

Sf (t)=2;"‘“sin(nmAf t)-sin(2nmAft +6) (1)
T

where t is the observation time.
Obviously, this value can be reduced by reducing the
frequency difference Af , ensuring that the condition

TMAF T << % (sin(7mAft)<<1) is met. In this case,
expression (1) takes the form

8f,, (t) = 2A, mrAf -sin(2nmAft +6) )

From expression (2) it is possible to determine the
maximum value of the allowable difference of
frequencies to keep this component of the measurement
error within the required limits. To reduce it, the study of
frequency instability should be carried out at the
minimum possible value of the frequency difference of
the input signals Af .

Additional instability due to the finite number of
measurements N applies only to the random component
of the uncertainty (type A) of the frequency difference
measurements. The estimation of this uncertainty in the
root mean square sense is the relative variance of the
results of instability measurement at a given value N,
which can be represented by an expression with a
sufficient accuracy degree 1/W . Therefore, to increase

the accuracy of the measurement ten times, it is necessary
to ensure that the condition N >100 is met at each

measurement time interval.

The dependence of the comparator on the rate of
change of temperature also leads to a decrease in the
accuracy of frequency measurements. The operating
temperature range of most frequency comparators is in the
range from plus 5 °C to plus 40 °C. Changes in ambient
temperature cause additional phase shifts in the signal
conversion path, which can reach 15 ps/°C). This leads to
an additional error in measuring the frequency difference
at “long” intervals of measurement time (more than
100s). Therefore, to reduce the temperature error, it is
necessary to eliminate the presence of drafts, fans and
ensure the most stable ambient temperature.

As a result of researches it is established that for
observance of admissible limits of temperature instability
of measurements of a difference of frequencies it is
necessary to provide speed of change of ambient
temperature no more than 1 °C/hour.

The calibration of the frequency comparator results
in the relative deviation introduced by the comparator
when measuring the relative frequency difference
between the reference and test signals (hereinafter — the
relative deviation), as well as the associated extended
uncertainty.

Graphs of the study of the relative deviation of the
frequency on the time intervals of averaging 1 hour and
100s, which were obtained using the interface of the
frequency comparator Y7-308A/1, are shown in Figures 2
and 3, respectively.

Large dotted lines show the maximum and minimum
values of the relative deviation.

Small dotted line is the value of the standard
deviation for the averaging interval of 1 hour.

Dotted line with dots is the average value of the
relative deviation.

Figure 4 shows the dependence of SRD on the
relative deviation of the frequency from the averaging
intervals from 1 s to 1 day.
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Fig.2. The results of the up-to-date value of the typical output frequency for the averaging interval of 100 s
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Fig.3. The results of the up-to-date value of the typical

output frequency for the averaging interval of 1 hour
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Fig.4. Degree of SRD of the given frequency output

It is possible to beat the results in the last few
months, but it is always possible to see the results for
different intervals of time, however, it is even
insignificant — 2,45-10%°. With a large amount of SRD,
the relative performance is reasonable for all intervals,
there is a great trend of change in its value at larger time
intervals.

Measurement model and uncertainty budget

Based on the measurement scheme, the
measurement model when calibrating the frequency
comparator has the form:

8F, = 8F +8f,, +8f ) +8fgy +0f;

and from the intervals averaging from 1 s to 1 day

where &f, is the relative deviation of the frequency

introduced by the comparator, at zero frequency
difference of the input sinusoidal signals in the bandwidth
at a frequency of 3 Hz;

5f isthe average value of the comparator readings;

&f,,, is correction due to the presence of parasitic
phase modulation in the comparator in the presence of a
difference in the frequencies of the input signals Af ;

8f,, is correction for discretization of comparator
readings;

&f . is correction due to the influence of the
environment on the comparator;



&, is correction due to the influence of the
environment on the reference standard of time and

frequency.

Based on the measurement equation, an example of

frequency comparator in the measurement time interval of
1s, 10s, 1hour and 1day are given in Tables 1-4,

respectively. The calibration result of the frequency

calculating the uncertainty budget when calibrating the

comparator is shown in Table 5.

Table 1

Uncertainty budget when calibrating a frequency comparator at a measurement time interval of 1 s

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty
X, X, uncertainty distribution evaluation coefficient contribution
u(x) (A B) C u; (y)
of 2,25-101° 1,29-10°%2 normal A 1 1,29-10°13
Sy 2,74-10718 9,34-10Y normal B 1 9,34-10Y
8o 5,77-10Y7 rectangular B 1 5,77-10°Y7
8¢ 5,12-10Y7 normal B 1 5,12-10%7
&f 2,29-10°Y normal B 1 2,29-10Y7
Sf, 2,96-1018

Combined standard uncertainty 1,29-10°13

Effective degrees of freedom Neft >200, k=2

Expanded uncertainty (p ~ 95 %) 2,58-1013

Table 2

Uncertainty budget when calibrating a frequency comparator at a measurement time interval of 10 s

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty
X, X, uncertainty distribution evaluation coefficient contribution
u(x) (A B) C; u; ()
of 2,25-1071° 1,30-10%4 normal A 1 1,30-10%
K. 2,74-10718 9,34-10°Y7 normal B 1 9,34-10
&y 5,77-10° rectangular B 1 5,77-10°Y
&fp 5,12-10Y7 normal B 1 5,12-10%7
& 0 2,29-10Y7 normal B 1 2,29-10%7
Sf, 2,96-1018

Combined standard uncertainty 1,30-10%

Effective degrees of freedom Neff >200, k=2

Expanded uncertainty (p ~ 95 %) 2,60-10%4

Table 3

Uncertainty budget when calibrating a frequency comparator at a measurement time interval of 1 hour

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty
X; X, uncertainty distribution evaluation coefficient contribution
u(x) (A B) & u; (y)
of 2,25-1019 7,21-10°7 normal A 1 7,21-10°7
S, 2,74-10718 9,34-10°7 normal B 1 9,34-10°Y7
8fyp 0 5,77-10Y7 rectangular B 1 5,77-10Y7
&fr 0 5,12-10Y7 normal B 1 5,12-10%7
Sf 0 2,29-10Y7 normal B 1 2,29-10%7
f, 2,96-108

Combined standard uncertainty 1,43-1016

Effective degrees of freedom Neff >200, k=2

Expanded uncertainty (p ~ 95 %) 2,86-1016




Table 4

Uncertainty budget when calibrating a frequency comparator at a measurement time interval of 1 day

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty
X; X, uncertainty distribution evaluation coefficient contribution
u (Xi) (A, B) G y; (Y)
of 2,25-101° 2,12:10°18 normal A 1 2,12:10°18
S i 2,74-10718 9,34-10°Y normal B 1 9,34-10°Y
S 5,77-10Y7 rectangular B 1 5,77-10Y7
e 0 5,12:10Y7 normal B 1 5,12:10Y7
&f 0 2,29-10%7 normal B 1 2,29-10Y7
Sf, 2,96-10718

Combined standard uncertainty 1,23-1016

Effective degrees of freedom Neft >200,k=2

Expanded uncertainty (p ~ 95 %) 2,46-1016

Table 5

Frequency comparator calibration results

. . . Extended uncertainty (U) of the relative
Measurement time Relative deviation of the frequency o .
No. X deviation of the frequency introduced by
interval, t entered by the comparator
the comparator
1 1s 2,58-1013
2 10s 2,60-10%4
2,96-1018
3 1 hour 2,86-1076
4 1 day and more 2,46-1076

It is worth noting that when compiling the
measurement equation and calculating the uncertainty
budget, the correction for drift of the frequency reference
standard since the last calibration is not taken into
account. This is due to the fact that its effect on the
measurement result is insignificant.

Conclusions

The article describes the created methodology
(model) of measurements when calibrating frequency
comparators using precision frequency standards.
Features of estimation of uncertainty of measurements at
calibration are covered.

Factors such as frequency fluctuations in the signal
conversion circuit in the comparator, parasitic phase
modulation, instability due to the finite number of
measurements, and the dependence of the comparator on
the rate of temperature change have the most significant
impact on the accuracy of frequency measurements.

To achieve the highest measurement accuracy when
calibrating frequency comparators it is necessary:

— as a standard to use precision frequency
measures, for example, rubidium standards with a relative
frequency deviation of not more than 5-107;

— apply a power divider in which the signal is
divided into two channels and their amplification;

— to ensure the rate of change of ambient
temperature not more than 1 °C/hour to reduce the effect
of temperature dependence of the frequency comparator;

— to reduce the impact of additional instability due
to the finite number of measurements, it is advisable to
perform more than 100 measurements at each time
interval of averaging.

Calibration of precision frequency measures using a
frequency comparator should be performed with the
minimum possible difference between the frequencies of
the test and reference signals. This will reduce the effect
of frequency fluctuations and parasitic phase modulation;

As a result of research it is established that the
relative  deviation of the frequency difference
measurements for different intervals is the same and is
very insignificant — about 2,45-107°. In this case, the SRD
relative deviation is different for all measurement
intervals and has a clear trend of decreasing its value at
larger measurement intervals.

The developed methodology  (model) of
measurements allows to reach accuracy of calibration of
frequency comparators to relative value of the expanded
uncertainty 2,00-10-16.

It is expedient to use the described method by each
metrological laboratory which carries out calibration of
frequency comparators.




AHoTanis

CyyacHi mpeuu3iiiHi BHMIPIOBaHHS 4acy Ta 4YacTOTH € HAHOIIbLII TOYHUMH BHMIPIOBAaHHSIMHU Cepell BHMIPIOBaHb IHIINX
¢i3nyHuX BenuuuH. BOHM HeMOXXJIMBI 0€3 BUKOPUCTAHHS BHCOKOCTAOUIBHHMX ONOPHHUX JKEpesl 4acTOTH (CTaHAApTiB YacTOTH) i
YaCTOTHHX KOMIIapaTopiB.

B cratTi HaBeZeHO OCHOBHI Pe3yNIbTaTH JAOCIIKEHb IPH KaliOpyBaHHI MPEHH3IMHUX YaCTOTHHX KOMIIApaTopiB 3a JOIOMOTOI0
BHCOKOTOYHHX CTaHIAPTIB 4acTOTH. ONMCAaHO CTPYKTYpHY CXeMy Ta MOJeNb BHMIpIOBaHb, a TaKOXX OCOOJMBOCTI BH3HAYEHHS
O0/pKeTy HEBU3HAYEHOCTI BUMIPIOBAaHb NP KaTiOpyBaHHI.

[IpoaHanizoBaHO BIUIMB HAWOLIBII CYTTEBHX BIUIMBOBUX BEIMYHMH Ha TOYHICTH pe3yNbTaTiB BUMipioBaHb. Po3kpHTO 3MicT
KITBKICHHX Ta SIKICHUX IOKa3HUKIB TOIPAaBOK, sIKI HEOOXIJHO BpaxoBYBaTW MiJX 9ac KaIOpyBaHHS Ul JOCSATHEHHS HaWBHIIOI
TOYHOCTI BUMipIoBaHb. HaBeaeHO mpakTHYHI pe3yNbTaTH JOCTIIHKEHb HECTAOIIbHOCTI YaCTOTH, 10 BHOCUTHCS KOMIIAPATOPOM IIPH
HYJBOBIH Pi3HUII YacTOT BXiAHUX CHHYCOifanbHUX curHamiB 5 MI' Bid 1ie3i€Boro reHepatopa B cMys3i mpormyckanHs gactoti 3 '
Ha iHTepBanax vacy 1 ¢, 10 ¢, 1 rox ta 1 noba.

[IpakTuuHi pe3ynbTaTy BKIIOYAIOTh B ceOe YuceIbHI 3HaYeHHS Ta nmoOynoBaHi rpadiku 3a TAKMMHA OCHOBHUMH MOKa3HUKaMH
HEeCTaOlIBHOCTI YaCTOTH, SIK: IPHUPICT Pi3HUILI (a3 MiXK CHTHAJIAMH, BITHOCHA PI3HUI YaCTOT MK CHTHAJIAMH, CEpPEIHE KBaIpaTHIHEe
BiJTHOCHE BIIXWJICHHSA YaCTOTH, CCpEIHE KBaJpaTHYHE BIJHOCHE JBOXBHUOIPKOBE BIAXWICHHS 4YacTOTH (IeBiamis AJuiaHa),
CIEKTpaJIbHA [IIJIBHICT MMOTYXXHOCTI BITHOCHUX BIXWJICHb YaCTOTH CHTHAJIIB.

CkiageHo OIOJDKETH HEBH3HAYEHOCTI Ta HAaBEACHO pe3ylbTaTH KaliOpyBaHHS dYacTOTHOro kommaparopa Y7-308A/1 na
iHTepBanax yacy BuMipioBansb 1 ¢, 10 ¢, 1 rox ta 1 no6a. HaBeneHo rosoBHi nepeBaru KaaiOpyBaHHS KOMIIApaToOpiB MPH MiHIMaNbHii
PI3HUIN BXiHUX YaCTOT Ta ONTUMAaJbHIA KIJIBKOCTI BHMIpPIOBaHb Ha KOXXHOMY iHTEpBaji yacy BUMipioBaHHSA. ONHCaHy METOIUKY
JIOLLTBHO BUKOPHCTOBYBATH KOXKHOIO METPOJIOTTYHOIO TabopaTtopieto, sika 3iiICHIOE KaiOpyBaHHS 9aCTOTHUX KOMITApaTOPiB.

Ki11040Bi c10Ba: 4aCTOTHHI KOMIIapaToOp; Mipa 4acTOTH; KaliOpyBaHHS; HEBU3HAYEHICTh BUMIPIOBaHb; YaCOBUH 1HTEPBAIL.

AHHOTAIUA

CoBpeMeHHbIe IPENN3HOHHBIC U3MEPEHHs] BpeMEHH M YaCTOTHI SIBJSIFOTCS HanOoJiee TOYHBIMH U3MEPEHHUSIMH CPEeH N3MepeHH
npyrux ¢usmyeckux BemumuuH. OHM HEBO3MOXKHBI 0€3 HCIONB30BAHMS BBICOKOCTAOWIIBHBIX OHNOPHBIX HCTOYHHUKOB YacTOTHI
(cTaHZapTOB YACTOTHI) M YACTOTHBIX KOMIIAPaTOPOB.

B craTbe mpuBeaeHBI OCHOBHBIE PE3yIbTaThl HCCICIOBAaHUI MPH KanMOPOBKE MPEHU3HOHHBIX YaCTOTHBIX KOMIIApaTOpOB C
MIOMOIIBIO BBICOKOTOYHBIX CTAHJAPTOB YacTOTHL. ONMCAaHBI CTPYKTYpHas CXeMa M MOJENb HM3MEPEHHUH, a Takke OCOOCHHOCTH
ompeneneHus Or0pKeTa HeONpeAeIeHHOCTH U3MEPEHHH ITPU KaTHOpOBKeE.

[Ipoanann3upoBaHo BIHMSHHE HanOOJIEe CYNIECTBEHHBIX BIMAIOIINX BEIUMINH HA TOYHOCTD PE3yNIbTaTOB H3MEPEHUH. PackpeiTo
coJiep)KaHHe KOJIMYECTBEHHBIX M KAaueCTBEHHBIX IOKa3aTelield MONpaBOK, KOTOPHIE HEOOXOANMO YYHTHIBATh IPH KaJHOPOBKE IS
JOCTY)KEHHS] HAWBBICIIEH TOYHOCTH M3MepeHui. [IpuBeneHs! mpakTH4YecKHe pe3ysIbTaThl UCCIIeA0BaHUN HeCTaOMIBHOCTH YacTOTHI,
BHOCHMOH KOMIIapaTOpOM HpH HYJIEBOH Pa3HOCTH YacCTOT BXOJHBIX CHHYCOMIAJIBHBIX CHTHAJIOB 4acToTod 5 MI'm oT mesmeBoro
TeHepaTopa B MOJIoCe MPOonycKaHus mo yactoTe 3 [ Ha mHTepBasiax BpeMenu 1 ¢, 10 ¢, 1 yac u 1 cyTku.

[IpakTrdeckne pe3ynbTaThl BKIIOYAIOT B CeOsl UHCIEHHBIC 3HAYEHHS M IOCTPOCHHbIE TPaQUKH MO TAaKUM OCHOBHBIM
MOKA3aTelIsIM HeCTaOMIBHOCTH YacTOTHI, KaK: IPHPOCT Pa3sHOCTH (a3 MEXTy CHUTHATAMH, OTHOCHUTENbHAS Pa3HOCTh YacTOT MEKIY
CHTHAlaMH, CpeJHee KBaJpaTHIeCKOe OTHOCHTENIBHOE OTKJIOHEHHE YacTOTHI, CpeAHee KBaJpaTHIeCKOe OTHOCHTEIbHOE
JIByXBBIOOpDOYHOE OTKJIIOHEHHE YacCTOTHI (JieBHanus AJIaHa), CHEKTpabHAS IUIOTHOCTh MOIIHOCTH OTHOCHTENBHBIX OTKIOHEHHUIT
JaCTOTHI CHTHAJIOB.

CocraBieHbl OI0/DKEThl HEONPEeICHHOCTH U TPHUBEICHBI Pe3yJIbTaThl KAIMOPOBKH 4acToTHOTOo kommaparopa Y7-308A/1 na
HHTepBajax BpeMeHu um3Mepenuii 1 ¢, 10 ¢, 1 gac u 1 cyrku. [IpruBeieHbl OCHOBHEIEC IPEUMYIIECTBA KATUOPOBKH KOMITApaTOPOB MPH
MUHMMAJIBHOM pa3HHLE BXOJIHBIX YACTOT M ONTUMAJIbHOM KOJIMYECTBE M3MEPEHMH Ha KaXJIOM HHTEpBaje BPEMEHHM H3MEPEHHUS.
OnucaHHYI0 METOJMKY IeJIecO00pa3sHO HCIIONb30BaTh KaXKIO0H METpOJOTHUecKol JiabopaTopuel, OCYIIECTBISIONEeH KaauOpOBKY
JaCTOTHBIX KOMITApaTOPOB.

KioueBble cj10Ba: YaCTOTHBIH KOMIApaTop; Mepa YacTOTHI; KaJHOpOBKA; HEOMPEAETeHHOCTh W3MEpPEHHH; BpEMEHHOMH
HHTEpBaI.
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