GPS Solutions (2024) 28:196
https://doi.org/10.1007/s10291-024-01736-1

ORIGINAL ARTICLE q

Check for
updates

Characterization of the GLONASS-K1+ atomic frequency standard

P. Steigenberger'© . O. Montenbruck’

Received: 28 May 2024 / Accepted: 19 August 2024 / Published online: 13 September 2024
©The Author(s) 2024

Abstract

The fifth GLONASS-K1 satellite with space vehicle number R807 was launched in October 2022. It represents the first
spacecraft of the K1+ generation, which offers various technical innovations. Compared to previous K1 satellites, R807
also transmits a code-division multiple access (CDMA) signal in the L2 frequency band in addition to L1 and L2 frequency-
division multiple access (FDMA) and L3 CDMA signals. Thus, R807 is the first spacecraft of the K1+ generation. A geom-
etry- and ionosphere-free triple carrier combination is used to analyze the GLONASS R807 clock consistency at different
frequencies. Significant inconsistencies were found showing up as variations with a peak-to-peak amplitude of up to 40 cm
and periods between 15 min and a few days. Whereas the ultimate explanation for these variations is not known, it is likely
that they originate from cross-talk of two oscillators with similar frequency. A short-term clock analysis for integration times
up to 100 s based on the one-way carrier phase (OWCP) method shows a superior stability of the R807 clock compared to all
other GLONASS satellites including the new K2 generation. The Allan deviation computed from 5 s clock estimates confirms
this finding for integration times up to 600 s but shows a significant bump at longer integration times due to the periodic
variations mentioned above. Single-frequency OWCP processing confirms consistency of the L1 and L2 FDMA signals
whereas the L3 CDMA signal shows a slight phase shift. Although the spurious variations mask the true performance of the
K1+ atomic frequency standard, its behavior at short integration times points at a new type of GLONASS satellite clock.
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Introduction GLONASS satellites are traditionally equipped with
cesium (Cs) frequency standards. Compared to other mod-

The Russian global navigation satellite system GLONASS  ern GNSS satellite clocks like GPS and BeiDou rubidium

comprises five different generations of satellites (Revnivykh
et al. 2017). None of the legacy GLONASS spacecraft
launched between 1982 and 2005 is part of the active con-
stellation anymore. Most of the currently operational satel-
lites belong to the modernized GLONASS-M/M+ genera-
tions launched between 2005 and 2022. Spacecraft of the
K1 and K2 generations are available since 2011 and 2023,
respectively. As the first GLONASS-K1 satellite had a dif-
ferent design, this satellite forms a subgroup labeled K1A
whereas the currently other three K1 satellites are denoted
as K1B (Steigenberger and Montenbruck 2022).

< P. Steigenberger
peter.steigenberger @dlr.de

Deutsches Zentrum fiir Luft- und Raumfahrt, German Space
Operations Center, D-82234 Weflling, Germany

(RDb) clocks or Galileo and BeiDou passive hydrogen masers
(PHMs), these clocks show a comparatively poor short-
term stability. Thus, more stable Rb and PHM clocks were
developed for GLONASS in recent years (Gouzhva et al.
1995; Belyaev et al. 2013). Whereas Rb clocks are flown on
GLONASS-K1 together with Cs clocks, an additional PHM
is hosted on GLONASS-K2 (Revniykh 2024). However, it
is currently not confirmed if this PHM was already used
as active clock on the first and still the only K2 satellite
launched in August 2023.

The Cs clocks of the legacy GLONASS spacecraft were
developed by the Russian Institute of Radionavigation and
Time in Saint Petersburg (Bauch 2003). A major limitation
of these clocks was their limited nominal lifetime of 2 years
only (Bassevich et al. 1996). Bassevich et al. (2007) report
on four different generations of Cs clocks with increasing
stability subsequently installed on the legacy GLONASS
satellites. The fourth generation has a frequency stability
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of 6 - 10~ at 1 day and was expected to be used from 2009
onward. As of March 2024, four GLONASS-M satellites
with 3rd generation clocks launched in 2007 are part of the
active constellation with a nominal frequency stability of
1-10713 at 1 day. Newer generation GLONASS-K1 satel-
lites have two Cs and two Rb clocks onboard (Mallette et al.
2010). Revnivykh (2012) specifies the expected clock sta-
bility with 5 — 10 - 10~ for K1 and 1 — 5 - 10~* for K2.
According to Fatkulin et al. (2012), GLONASS-K2 space-
craft are equipped with two Rb and two Cs clocks as base
option. Revniykh (2024) mentions a passive hydrogen maser
as additional clock option for K2. This PHM is manufactured
by the company Vremya-CH (Belyaev et al. 2013). It has a
short-term stability of 7 - 10~!3 at one second and and a long-
term stability of 5- 10713 at 1 day. The latter is confirmed
by 2-year ground tests conducted by Belyaev et al. (2019).
These clocks have an expected operational lifetime of more
than 10 years.

Hauschild et al. (2013) analyzed the short-term GNSS
clock performance for time periods between one and 1000 s.
They report Allen deviations between2 - 1073 and 1 - 10712
for GLONASS M+ satellites at integration times of 1000 s.
Griggs et al. (2014) also analyzed the short-term GLONASS
clock stability but focused on time periods up to 100 s. They
only found small differences in stability compared to GPS
for integration times exceeding 20 s. However, the Allan
deviation for 0.6 s < 7 < 10 s was significantly worse than
GPS. Griggs et al. (2014) assumed that this degraded per-
formance is caused by the characteristics of the frequency-
locked loop synchronizing a crystal oscillator with the Cs
frequency standard.

The most recent GLONASS-K1 satellite was launched
in October 2022. In the following, it is denoted by its space
vehicle number (SVN) R807 assigned by the International
GNSS Service (IGS, Johnston et al. 2017). For newer GLO-
NASS satellites, the SVN differs by 100 from the number
used by the GLONASS system provider (here 707) to get
unique SVNs. R807 signal transmission started on Novem-
ber 3, 2022, with the slot number 25 which is translated
to the satellite identifier R25 in the receiver-independent
exchange (RINEX) format (Gini 2023). Like all GLO-
NASS satellites, R807 transmits frequency-division multiple
access (FDMA) signals in the L1 and L2 frequency bands at
1598.0625-1605.375 MHz and 1242.937-1248.625 MHz,
respectively (RISDE 2008). Both bands offer an open ser-
vice (L10OF, L20OF) as well as a secured service (L1SF,
L2SF). Spacecraft of the M+ and K1 generation also trans-
mit an open service code-division multiple access (CDMA)
signal at 1202.025 MHz (L30OC, RSS 2016b).

Compared to the four previously launched K1 satellites
(R801, R802, R805, R806), R807 transmits an L2 CDMA
signal (RSS 2016a) at 1248.06 MHz. This feature identifies
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the spacecraft as an updated version named GLONASS-K1+
(Langley 2017). The L2 CDMA signal transmission could
be verified with a Javad TRE-3 S receiver located at the
German Space Operations Center (GSOC) in Oberpfaffen-
hofen, Germany. This receiver is equipped with a prototype
firmware that supports tracking of L2 CDMA signals as well
as L1 CDMA signals, which are currently only transmitted
by the first GLONASS-K2 satellite R803.

This study discusses the performance and behavior of
the atomic frequency standard of the first GLONASS-
K1+ satellite R807. First, the clock consistency is evalu-
ated from triple-frequency carrier phase observations.
Periodic variations are identified and analyzed in the time
and spectral domain. In the subsequent section, the GLO-
NASS R807 clock stability is assessed. The short-term
clock stability is obtained from one-way carrier phase
analysis whereas the performance assessment at longer
integration times is based on 5 s clock estimates from
GNSS network solutions.

Triple-carrier combination

In this section, the clock consistency of the L1 and L2
FDMA as well as the L3 CDMA signals of R807 is analyzed
with a triple-frequency carrier phase observation combina-
tion (TCC). This linear combination is geometry- and iono-
sphere-free and thus reveals frequency-specific effects (Mon-
tenbruck et al. 2012). It is the difference of dual-frequency
ionosphere-free linear combinations of L;/L; and L /L,
and can be written as

fo__f
TCC; 4 =<f2 —p _f.2 _sz> ‘L
i J i
f f

J

6]

where i, j, and k are frequency indices for the three different
carriers L.

Twelve globally distributed stations equipped with Sep-
tentrio PolaRx5 or PolaRx5 TR receivers from the GNSS
tracking networks of the IGS (Johnston et al. 2017) and the
Plate Boundary Observatory (UNAVCO Community 2007)
have been used to obtain continuous time series of the TCC.
L10OF (L;), L20OF (L) and L30OC pilot observations (L)
served as input for Eq. (1). Passes of individual stations have
been aligned w.r.t. each other. The R807 TCC time series of
January 20, 2024, is given in Fig. 1. Pronounced periodic
variations with an amplitude of about 10 cm and a period of
roughly 2 hours are clearly visible.

To get an impression of the stability or possible variations
of the TCC oscillations with time, Fig. 2 shows the daily TCC
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Fig.1 Triple-carrier combination of GLONASS R807 L10OF, L20F, and L30OC signals for 12 stations on January 20, 2024

as color-coded heat map for the time period from November
23,2022 until February 9, 2024. Transmission outages of all or
individual signals are indicated by white color and described
by the footnotes of Fig. 2. This figure shows that the TCC
periodicity is not constant but extends over a wide frequency
range. These frequencies vary gradually but can also change
abruptly, mostly after transmission outages. For the period
from February 7, 2023 until March 22, 2023, a significantly
increased frequency of the TCC oscillations can be observed.
A frequency of about 100 cycles per day (cpd) corresponding
to a period of 15 min can be read from the spectrogram in
Fig. 3. From the end of April until November 2023, the TCC
only shows low-frequency variations with periods of one to
two days. Starting in November 2023, the frequency slowly
rises to 4 cpd and then rapidly increases to about 12 cpd during
the first days of January 2024.

Based on the analysis of triple-frequency carrier phases,
Montenbruck et al. (2012) have earlier identified appar-
ent clock variations with a similar amplitude for the GPS
Block IIF satellites. In this case, the respective variations
are synchronized with the orbital period and their amplitude
depends on the elevation of the Sun above the orbital plane,
which points at a thermal origin.

For R807, the observed TCC variations are obviously
not related to the GLONASS orbit period of 11 h, 16 min.
Instead, they might originate from cross-talk of oscillators
with slightly different frequencies. Oscillator cross-talk has
previously been observed in the timing systems of, e.g., the
Galileo IOV-1/2 and Sentinel-3A satellites. It manifests in
a periodic variation of the resulting clock signal with a beat
frequency equal to the frequency difference of the two oscil-
lators and an amplitude proportional to the coupling of the
interfering clock. Based on a phasor model (Booker 1965),
Montenbruck et al. (2015) derived the expression

. 1 c
5p(t)=a-A-51n(27r-5f'f+5¢0) with A=7fo(2)

for the periodic range variation caused by mixing of a pri-
mary clock signal of frequency f, with a secondary signal of

frequency f, + 6f. Here, @ < 1 denotes the cross-coupling
factor, i.e., the amplitude ratio of the two signals. The initial
phase offset is 6¢, and ¢ denotes the vacuum speed of light.
In the case of GLONASS with a master oscillator frequency
fo of 5.115 MHz, A amounts to 9.3 m. For the maximum
observed amplitude of about 20 cm, a cross-coupling factor
a of approximately 0.02 is obtained.

A similar cross-coupling was found for the first two Gali-
leo IOV satellites E101 and E102 (Montenbruck et al. 2015).
However, the cross-coupling factor of about 0.5 - 1073 and
the corresponding amplitudes of 2-3 mm are significantly
smaller, whereas the beat frequency of about 6 Hz is much
higher. For E101 and E102, Montenbruck et al. (2015)
attributed the cross-talk to an interference in the clock moni-
toring and control unit.

In the case of R807, the apparent clock variations show
periods with a minimum of about 15 min corresponding to
a maximum beat frequency of of about 1 mHz. It appears
unlikely that two physically independent atomic frequency
standards onboard the GLONASS satellite would provide
a frequency consistency at the 10710 level or better, so a
coupling of clocks from distinct signals can probably be
excluded. Unless the problems were related to the design
of the K1+ frequency standard itself, it might relate to the
coupling of the master clock signal to the navigation sig-
nal generation unit. This might explain phase shifts in the
periodic variation of L1/L2 FDMA and L3 CDMA carrier
phases, even though the detailed interference mechanism is
not understood and the actual cause of the apparent clock
errors remains unknown.

Clock stability

Irrespective of the periodic variations described in the pre-
vious section, the short-term stability of GNSS satellite
clocks can be evaluated by the so-called one-way carrier
phase (OWCP) method (Gonzalez and Waller 2007; Del-
porte et al. 2010). Here, the GNSS receiver tracking the
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Fig.3 Spectrogram of the triple-carrier combination of R807. The
lower plot provides a zoom into the upper plot

satellite of interest is connected to a highly stable clock,
usually a hydrogen maser. Thus, the impact of the receiver
clock on detrended phase residuals can be neglected. The
geometry between receiver and satellite antenna is modeled
by precise station coordinates and satellite orbits. Remaining
effects like the impact of the ionosphere and troposphere, the
receiver clock drift as well as ambiguities and phase biases
are removed by a low-order polynomial. Remaining effects
are primarily the satellite clock, short-period atmospheric
variations as well as noise and multipath. The latter can be
minimized by using only observations with high elevation
angles.

Figure 4 shows an example for the GLONASS short-term
clock stability represented by the overlapping Allan devia-
tion (ADEYV, Allan 1987) for all active GLONASS satellites
on January 28, 2024. The clock analysis is based on the
OWCP approach with L1 single-frequency 1 Hz observation
data of a GNSS receiver at the IGS station CEBROOESP in
Cebreros, Spain. Time periods for individual satellites have
been selected by their highest elevation angle. The precision
of the ADEV values determined by this method is on a level
of o(log ADEV) = 0.1 evaluated by the results of consecu-
tive days as well different stations. Compared to the legacy
GLONASS-M, the M+ satellites show a slightly better sta-
bility. The K1B clocks have an improved stability at very
short integration times up to 10 s but do not outperform
the M+ clocks at integration times longer than 400 s. The
K2 clock shows slightly better stability compared to M/M+/
K1B. Whereas K2 shows the best stability for integration
times up to 2 s, the GLONASS-K1+ clock of R807 shows

107"

1072 |

Allan deviation

10—13 L

10° 10’ 102 108
Integration time [s]

Fig.4 Representative example of short-term Allan deviations of
GLONASS satellites obtained from L1OF one-way carrier phase
analysis of the IGS station CEBROOESP. The K1+ satellite R807 is
highlighted by a bold line

the best stability for longer integration times with an ADEV
of 1 - 1072 at 10 sand 2 - 10713 at 100 s.

The Allan deviation at longer integration times is given in
Fig. 5. It was obtained from a one-week data arc of 5 s clock

Allan deviation

M: M+ K2

10’ 102 103 10* 10%
Integration time [s]

Fig.5 Allan deviation of GLONASS satellites for GPS week 2299
obtained from CODE 5 s ionosphere-free L1/L2 clock products. The
K1+ satellite R807 is highlighted by a bold line. The straight dashed
line shows the specification of the K2 PHM as given in Revnivykh
(2016)
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Fig.6 One-way carrier phase clock estimates of the IGS station
CEBROOESP on February 21, 2023

estimates of the Center for Orbit Determination in Europe
(CODE, Dach et al. 2023). In the absence of detailed infor-
mation on the clock types used on individual GLONASS
satellites, only a general trend towards higher clock stability
on the recently launched M+ satellites may be noticed, indi-
cating the use of Rb clocks. For K1B satellites, the average
clock stability appears similar to the GLONASS-M satel-
lites suggesting that most K1B satellites are presently oper-
ated with a Cs frequency standard. As an exception, R807
shows the lowest overall ADEV for periods between 10 and
600 s. The bump at 3000 s is caused by the periodic clock
variations already discussed above and reflects a clock beat
period of about 6000 s at that time. Nevertheless, the ADEV
minima at integer multiples of the clock beat frequency indi-
cate the performance of the physical clock that also outper-
forms the other satellites at longer integration times.

According to Revnivykh (2016), the Allan deviation of the
K2 (originally denoted as “enhanced GLONASS-K”) pas-
sive hydrogen maser can be described by 2 - 10712 /4 /7] s]
for integration times 100s < = < 1,00,000 s. This ADEV
is illustrated by a dashed line in Fig. 5. The enhanced per-
formance provides a clear indication that the currently active
atomic frequency standard of R807 represents a new gen-
eration of onboard clocks even though the observed perfor-
mance is slightly lower than expected for the new hydrogen
maser.

For further analysis, clock time series for the individual
L10OF, L2OF, and L30OC signals obtained from single-fre-
quency OWCP for February 21, 2023, are shown in Fig. 6.
The selected date falls into the six-week time interval with
15 min periodicity in spring 2023 (Fig. 2). Here, the OWCP
method can be safely applied while longer periods encoun-
tered at other times of the year cannot be reasonably covered.
The periodic variations exhibit a peak-to-peak amplitude
of about 40 cm for all three frequencies. Surprisingly, the
L1OF and L2OF estimates are strictly in phase and of equal
amplitude, while the L30C values show a slight phase shift
and increased amplitude. This suggests that the FDMA and
CDMA navigation signal generation units are either driven
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by two distinct effective signals or are themselves respon-
sible for the observed clock interference. The L1/L2 clock
differences range from —1.2 to 1.7 cm with an STD of 0.5 cm
whereas the L1/L3 differences range from —12.3 to 13.4 cm
due to the phase offset. Due to the different amplitude and
phase of the L30OC clock variation relative to L1OF and
L2OF, the geometry- and ionosphere-free TCC likewise
exhibits an oscillation with the same base period and non-
zero amplitude as illustrated in Fig. 1.

Summary

The first K1+ satellite R807 shows an improved clock per-
formance compared to other satellites of the GLONASS con-
stellation. However, the apparent clock stability is degraded
by periodic clock variations with periods between 15 min
and a few days. Changes in the frequency of the clock vari-
ations are largely associated with transmission outages indi-
cating maintenance work onboard the satellite. The apparent
clock variations are likely caused by cross-talk of two oscil-
lators with slightly different frequencies although the exact
mechanism remains unknown. Nevertheless, the improved
stability of the K1+ atomic frequency standard at short
integration times points at a new type of GLONASS clock,
maybe a passive hydrogen maser, although this assumption
is also unconfirmed and the expected performance of the K2
PHM is not met.

As of early 2024, R807 is still set unhealthy. Neverthe-
less, it is included in the precise orbit and clock products of
various IGS analysis centers. For GLONASS, these products
are based on the ionosphere-free linear combination of L1
and L2 FDMA observations. Despite its periodic clock vari-
ations, precise point positioning (PPP, Zumberge et al. 1997)
users can fully exploit R807 in their applications as long as
they use high-rate clock products requiring no or only short-
term interpolation as well as the same observation types.
At the current stage, it is not clear if further satellites of the
GLONASS-K1+ generation will be launched or if R807 is a
single prototype satellite like GLONASS-K1A. Clock analy-
sis of future K1 as well as K2 satellites will contribute to a
better understanding of the employed frequency standards.
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