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Abstract. Currently, one of the topical issues of improving GLONASS system is modernization of its uniformity measure-
ment equipment, including RF measurement equipment and electronic length measurement equipment. To this end, at the
Spatial Reference Proving Ground of theSiberian State University of Geosystems and Technologies (SSUGT), the authors
of this article carried out a successful experiment to measure a short GNSS baseline by receivers equipped with Chip Scale
Atomic Clocks (CSACs) with instability of 107! showed that the mean deviation between the slant distance (D) measured
using GNSS receivers connected to CSACs and their certified value varied in the range of 0.1-2.5 mm, with the average
value of 0.9 mm. The mean deviation obtained using GNSS geodetic receivers not connected to CSAC and their certified
value made up 9.4 mm.

The obtained experimental results suggest that substitution of quartz frequency generators with temperature compensation
used in geodetic GNSS receivers for Chip Scale Atomic Clocks in any metrological or verification kit increases accuracy
and reliability of short baselines measurements results, which highly perspective in view of development of techniques for
creating reference baselines with a reproduction error of unit length of about 1 mm per 1 km.

The above-mentioned experiment opens up new horizons for the use of Chip Scale Atomic Clocks in such fields of science
as metrological support of geodetic equipment, geodesy, etc.
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Introduction

Obtaining objective and qualitative geospatial data is one
of the key factors shaping the appearance of the digital
economy of the Russian Federation, aimed at increasing
the country’s competitiveness, the quality of life its citi-
zens, ensuring economic growth and national sovereignty
(Programma “Tsifrovaya ekonomika Rossiyskoy Federat-
sii”, 2017).

The quality and objectivity of this data in the Rus-
sian Federation is regulated by the Federal Law No. 102 of
August 26, 2008 “On ensuring the uniformity of measure-
ments”, which establishes mandatory metrological require-
ments ensuring objective, reliable and comparable meas-
urement results used to protect life and health of citizens,
environmental protection, ensuring the defence and secu-
rity of the state, including economic security (Federal'nyy
Zakon No. 102..., 2008; Sil'vestrov, Mazurkevich, Vernits-
kiy, Sokolov, & Golub, 2016).

The provisions of the Federal Law No. 102 “On ensur-
ing the uniformity of measurements” apply to ensuring the
uniformity of the measuring equipment used in geodetic
and cartographic activities. Modern measuring equip-
ment includes, inter alia, the GNSS satellite receivers us-
ing GLONASS signals; the former have to be verified and
tested to obtain pattern approval certificates.

Nowadays, one of the urgent issues of improving
GLONASS system is the modernization of equipment en-
suring the uniformity of measurements, including RF and
electronic length measurement equipment (Shchipunov
etal., 2015). In the context of this issue, there are a number
of ongoing research projects to create and improve stand-
ard complexes that ensure the uniformity of length meas-
urement (Sil'vestrov et al., 2016; Shchipunov et al., 2015;
Denisenko et al., 2016).

In our opinion, among the promising areas for im-
proving reference complexes, we can refer to the use of
Chip Scale Atomic Clocks (CSACs) in modern GNSS re-
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ceivers, which allow improving the quality, validity, and reli-
ability of the results of field satellite measurements (Kitch-
ing, 2007; Shkel, 2011; Chan, Joerger, Khanafseh, Pervan,
& Jakubov, 2014; Antonovich, Kosarev, & Lipatnikov, 2014;
Antonovich & Kosarev, 2014; Beard & Senior, 2017).

The experiment aims at studying the possibility of
using GNSS receivers with CSACs with relative instability
of 107!! to improve standard complexes, which ensure the
uniformity of length measurement.

1. Materials and methods

1.1. Theoretical part

Rationale for the application of CSACs to improve Stand-
ard complexes that ensure the uniformity of length meas-
urement.

Consider increments of phase pseudoranges AF be-
tween epochs t and t + At, provided that integer ambiguity
is resolved (Antonovich & Kosarev, 2012):

AF(t)=F(t + At)—F(t) = Ap(t, t —1)+At-Al, +AZ,
Al =0+0,, (1)

where Ap(t, t —1) are the increments of geometric dis-
tances between the receiver and the satellite; Al, is the
rate of clock of GNSS receiver, which generates a random
process such as “white noise” (®,) (Enric, Calero, &
Parés, 2017; Krawinkel & Schon, 2015); AX is the total
increment of errors due to atmospheric delays, multipath
effect, and measurement noise.

The error due to the receiver clock instability A1 in
a time Dt, is estimated by the formula

SAF = cBAl,-At, )

where c is the speed of light, ¢ ~ 3x10% m/s.

The relative clock instability for quartz frequency os-
cillators with temperature compensation used in GNSS ge-
odesic receivers with clock instability of 10~° (Enric et al.,
2017; Krawinkel & Schon, 2015 ) that at surveillance sam-
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ple rate Dt = 15 sec will lead to an error in the increment
of the phase pseudoranges SAF = 4.5 m (linear measure).
For CSACs with relative clock instability of 10712 (Enric
et al,, 2017; Krawinkel & Schon, 2015), the corresponding
error is reduced by three orders of magnitude, to a value
equal to 4.5 mm, which is a prerequisite for increasing the
accuracy of baseline measurements.

Other positive effects of CSACs in GNSS receivers in-
clude improvement of the navigation solution, increasing
the availability of the solution, improving signal capture,
reducing multipath effect, eliminating interference, and
spoofing detection (Kitching, 2007; Shkel, 2011; Chan, Jo-
erger, Khanafseh, Pervan, & Jakubov, 2014; Antonovich,
Kosarev, & Lipatnikov, 2014; Antonovich & Kosarev, 2014;
Beard & Senior, 2017; Enric et al., 2017; Krawinkel &
Schon, 2015).

1.2. Practical part

At present, Standard Complex of the Siberian State Uni-
versity of Geosystems and Technologies (SSUGT) is a Geo-
detic Standard Proving Ground (GSPG) (Figure 1) where
metrological verifications of GNSS satellite equipment and
research projects on geospatial technologies have been
conducted since 1997 (Surnin, 2004; Karpik, Seredovich,
Antonovich, & Kulikova, 2010; Antonovich & Kulikova,
2017).

The considered GSPG is a second-order geodetic net-
work. The mean-square error (MSE) for distance meas-
ured by the GSPG network is characterized by the value
of A =+ (2 + 0.5x107°D) mm, where D is the distance be-
tween base stations of the GSPG network. Such an error is
primarily due to the fact that part of the GSPG baselines
uses ground-based base stations (base stations of the State
Geodetic Network). The lines at the both ends of which
are the stations with force centring have a MSE of about
1-3 mm with a relative error of about 10~7. The chain of
baselines with force centering goes across the entire net-
work has a length of 63 km.

Kochenyovsky <
Spatial Basis CHIK

Stations with force
centring

* Laplace stations

A Ground-based base stations

=— Spatial bases

=== Linear Basis

SGGA, NSKW,
NSKN, NSKE

100 m
—

Figure 1. GSPG network and O. P. Suchkov Standard Spatial Basis (SSB) of the SSUGT
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The GSPG network includes three bases (see Fig-
ure 1): O. P. Suchkov Standard Spatial Basis with the length
of 1104 m, Kochenyovsky Spatial Basis with the length of
8432 m, and Kremlevka-Alekseevka Linear Basis, which is
an outer edge in a segment of the State Main Triangulation
Network. Optical distance measurements were taken at
O. P. Suchkov SSB and Kochenyovsky Spatial Basis; addi-
tionally, high-precision distance and height measurements
were taken at O. P. Suchkov SSB with a certain periodicity
(Antonovich & Kulikova, 2017).

O. P. Suchkov SSB consists of 22 deep-laid tubular
steel pile foundations, in accordance with requirements
of Industry standard STO 02570823-19-05 (Federalnoe
agentstvo geodezii i kartografii Rossii, FGUP “Tsentral'nyy
ordena “Znak Pocheta’ nauchno-issledovatel'skiy institut
geodezii, aeros’emki i kartografii im. F. N. Krasovskogo’,
2005). Four base stations BIO1, BI10, BI14, and BI18 are
used for satellite measurements, and results of the meas-
urements are used for metrological certification of GNSS
equipment. O. P. Suchkov SSB obtained the Time-un-
limited Certificate RU.E.27.007.A No. 25883, stating that
O. P. Suchkov SSB registered in the State Register of Meas-
uring Equipment under registration number No. 33176-
06 and approved for use in the Russian Federation. MSE
for O. P. Suchkov SSB intervals measured within the tem-
perature range -10... + 30 °C: £0.1 mm for the interval
0-192 m; +0.2 mm for the interval 192-660 m; + (0.3 +
1x1076 D) for the interval 660-1103 m.

Description of the experiment. To study the possibil-
ity of using GNSS receivers with CSACs with an instabil-
ity of 107! to improve Standard complexes that ensure the
uniformity of length measurement, the authors selected a
912-meter-long (BI10-BI18) baseline of O. P. Suchkov SSB
to carry out a suite of measurements on October 22, 2017
(Figures 2-3). The selection of a short baseline was stipulat-

Figure 2. Geometry of O. P. Suchkov SSB in the plane of
normal section passing through the line BI10-BI18

ed by the following positive effect: for a short baseline with a
small difference of height, the influence of tropospheric and
ionospheric errors will be strongly correlated and, therefore,
will be eliminated at the stage of formation of double differ-
ences, while clock errors do not possess this property.

In total, we carried out two sessions of measurements
of two hours’ duration each, and each for one different an-
tenna height. The temperature difference in the 4-hour pe-
riod did not exceed 4 °C, the total number of GLONASS
and GPS satellites was no less than 15.

For measurements at O. P. Suchkov SSB was used
a calibration kit consisting of two JAVAD Sigma Q-G3T
GNSS receivers with GrAnt G3T antennas. Designed
by ZAO RUKNAR rubidium frequency standards of
Ch1-1012 type with a relative error of frequency reproduc-
tion < 2:107!! (Ruknar, n.d.) were connected to the exter-
nal ports of the receivers. Prior to taking measurements,
the rubidium frequency standards were calibrated, and
their frequency mean square two-sample errors (MSTSE)
were determined at the Siberian Scientific Research Insti-
tute of Metrology.

Table 1 shows technical parameters of the rubidium
frequency standards based on the calibration results ob-
tained using VET 1-19 secondary time and frequency
standard (Kopeikin et al., 2016).

Table 1. Technical parameters of rubidium frequency
standards used in the experiment

Permissible MSE

Averaging interval

Standard No. 1

Standard No. 2

1 second 1.4-10711 1.4.10711
10 seconds 3.5.10712 3.9:10712
100 seconds 1.2-10712 1.3-10712

Figure 3. Base station BI18 of O. P. Suchkov SSB with GNSS

equipment placed upon it
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Table 2. Results of the experiment

Data No. Accuracy characteristics Slant distance, Estimated accuracy (mm)

source of measurement a D (m) Vv M
Magnet 1 3 0.5x10°° 911.7188 +1.4 3.5
Magnet 2 3 0.5x10°° 911.7183 +0.9 35
Justin 1 3 0.5x107° 911.7175 +0.1 3.5
Justin 2 3 0.5x107¢ 911.7163 -1.1 3.5
Giodis 1 3 0.5x10°° 911.7199 +2.5 3.5
Giodis 2 3 0.5x10°° 911.7189 +1.5 35
Topaz SP2 1 +1.5 2x107° 911.7189 +1.5 3.3
Topaz SP2 2 +1.5 2x107° 911.7190 +1.6 33
GTS601 1 2 2x1076 911.7188 +1.4 3.8
Trimble 5700 1 5 0.5x107° 911.7080 -94 55

2. Results and discussions

The GNSS measurements were taken simultaneously using
GLONASS and GPS systems and three different software
products (SP): Magnet Office Tools, Justin, and Giodis
with default settings, and using the precise ephemeris
data of the International GNSS Service. Table 2 shows the
results of the experiment.

To confirm the experimental results, there, in Table 2,
are results of additional linear measurements taken us-
ing the following traditional geodetic tools and data ob-
tained during previous experiments: two optical distance
meters of Topas SP2 type and a TOPCON GTS601 high
performance total station; the results of measurements
taken in the year 2000 by Trimble 5700 GNSS receivers
without the use of CSACs. The line lengths measured by
traditional geodetic instruments were taken from the pa-
per by V. A. Seredovich and I. O. Suchkov (Seredovich &
Suchkov, 2014).

The measured values of slant distances D were com-
pared with the certified value D" for BI10-BI18 baseline
of O. P. Suchkov SSB. The certified value D" for BI10-
BI18 baseline of O. P. Suchkov SSB equals to 911.7174 m
and is estimated with an MSE of 0.7 mm with a probability
of 0.95. For each measured value of the slant distance D,
the a priori mean square error M is calculated by the fol-
lowing formula:

M=a+b-D, (3)

where a and b are the certified accuracy values of GNSS
equipment with quartz clocks and traditional geodetic
tools, respectively; D is the distance between base stations.

When comparing the results, it was taken into ac-
count that the distances obtained by traditional geodetic
tools were given in the form of horizontal distances Dy,
that is, they are reduced to a horizontal plane passing
through the initial point of the baseline (Figure 2) (An-
tonovich & Strukov, 2010):

Dy =/D*~AH? ~2D?AH/ (R, +H) , (4)

where AH is the difference between the geodesic heights of
the basis endpoints, R, is the radius of the normal section
of the ellipsoid in the azimuth of the basis A (Figure 2).
A change in the station error near to the baseline was not
taken into account.

As a result of the comparison, the deviations V be-
tween measured values of the slant distances D and their
certified values D", Based on the comparison results, the
mean deviation between measured values of the slant dis-
tances D obtained by GNSS receivers connected to CSAC
and their certified value D" varied in the range of 0.1-
2.5 mm, with the average value of 0.9 mm. The mean de-
viation between the values obtained using GNSS geodetic
receivers not connected to CSAC and their certified value
made up 9.4 mm, which is almost 4 times greater than the
maximum deviation value between the slant distance D
measured by GNSS receivers connected to CSAC and its
certified value D¢

Conclusions

As a result of the research, a successful experiment was
performed to measure a short GNSS baseline by receivers
equipped with small CSAC with instability of the order of
10-!! at the Reference Polygon SGUGIT.

An analysis of the experimental results showed that
the mean deviation between measured values of the slant
distances D obtained by GNSS receivers connected to
CSAC and their certified value D" varied in the range of
0.1-2.5 mm, with the average value of 0.9 mm. The mean
deviation between the values obtained using GNSS geo-
detic receivers not connected to CSAC and their certified
value made up 9.4 mm.

The obtained experimental results suggest that sub-
stitution of quartz frequency generators with tempera-
ture compensation used in geodetic GNSS receivers for
CSAC in a calibration kit consisting of two JAVAD Sigma
Q-G3T GNSS receivers with GrAnt G3T antennas allows
increasing accuracy and reliability of short baselines meas-
urement results. Authors believe that it is reasonable to
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develop a technique for creating reference baselines with a
reproduction error of unit length of about 1 mm per 1 km.

Recommendations

A promising area for improving the standard complexes
that ensure the uniformity of length measurement is the
use of Leica Nova TS60 I total station, which, according
to the developers, provides measurement of line lengths
with an error of 0.6 mm at distances up to 1 km (Firma
G.EK, n.d.).

Thus, the experiment described in this article opens
up new promising research areas on application of CSAC
in such fields of science as metrological support of geo-
detic tools, geodesy;, etc.
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