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GLONASS only and BeiDou only

RTK Positioning

ABSTRACT

As a world leader in GNSS positioning, Leica Geosystems
attaches great importance not only to combined
GNSS solutions, but also to individual system per-
formance. After successfully dealing with GLONASS
inter-frequency biases in terms of ambiguity
resolution (Takac, 2009) and GNSS interoperability
(Takac et al., 2012), it is possible for the first time
to provide reliable GLONASS only RTK solutions.

In addition, considering that the BeiDou system
allows operational positioning services over the
Asia-Pacific region, it is reasonable to assess the
quality of BeiDou only RTK positioning with the latest
SmartWorx 5.50 firmware of Leica Viva GNSS.

This paper analyzes the performance of the individ-
ual systems in the measurement and position do-
mains. The measurement domain analysis focuses
on satellite geometry and signal strength, whereas
the position domain analysis is performed at three
accuracy levels, namely, navigation position, differ-
ential code position and high precision position
with fixed ambiguities. Moreover, different observa-
tional environments such as open sky and canopy
are taken into account.

Compared with GPS only and combined GNSS solu-
tions, the performance of GLONASS only and BeiDou
only RTK positioning is assessed with respect to
availability, accuracy, reliability of coordinate quality
(CQ) indicator and time to fix. The presented results
serve as an informative basis for applications where
GLONASS only or BeiDou only positioning is required
or desired. Using technologically innovative ap-
proaches, Leica Geosystems provides the most
reliable GNSS position solution to meet the demands
of RTK applications in all environments.

INTRODUCTION

In addition to the well-known U. S. Global Posi-
tioning System (GPS), other Global Navigation
Satellite Systems (GNSS) are in use or under devel-
opment. The Russian GNSS, known as GLONASS,
was developed in parallel to GPS. After a short Full
Operational Capability (FOC) phase in 1996 the

system degraded rapidly due to financial problems.
In 2011, GLONASS reached the FOC again with the
full orbital constellation of 24 satellites (Sosnica,
2014, p. 26). China has started the initiative of its
own navigation satellite system BeiDou from 1985
to 1994. On December 27, 2012, BeiDou was offi-
cially announced to provide positioning, navigation
and timing services over the Asia-Pacific region,
whereas global services are expected by 2020

(Ge, 2013; Li et al., 2014).

The coexistence of GPS, GLONASS and BeiDou
either results in a combination of the services and
signals or in an alternative use of each system
individually. An increasing number of systems and
signals produce an increasing number of observa-
tions, and thus an increasing level of redundancy
in the adjustment process. This will improve the
position availability, accuracy, integrity and conti-
nuity (Hofmann-Wellenhof et al., 2008, p. 400).
For example, Takac and Walford (2006) showed
the advantages of a combined GPS and GLONASS
solution in terms of position continuity, time-
to-fix behavior, reliability of ambiguity resolution
and precision of RTK fixed position. In addition,
Fairhurst et al. (2013) found that the integration
of BeiDou into RTK positioning can improve the
high precision position availability by up to 30% in
dense canopy.

In order to optimize the performance of combined
GNSS solutions, the individual systems need to be
fully understood and mastered, particularly in difficult
observing environments. Moreover, the combined
use of GNSS may suffer from a complete disruption
of one of the contributing systems. Taking the
GLONASS outage on April 1, 2014 as an example,
at 21:15 UTC, all GLONASS satellites started to trans-
mit wrong broadcast messages, which resulted

in significant position errors and satellite tracking
problems, particularly for GPS/GLONASS receivers
(Beutler et al., 2014). Such an event could con-
ceivably occur with GPS and BeiDou. Therefore,

a reliable RTK positioning system should provide
backups for combined GNSS solutions, such as GPS
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only, GLONASS only and BeiDou only positioning.

Indeed, most RTK GNSS receivers support GPS only,

whereas less than a handful of products allow
GLONASS only and BeiDou only RTK solutions. This
prompted Leica Geosystems to release SmartWorx
Viva 5.50, which fully supports the BeiDou system
and enables GLONASS only and BeiDou only high
precision RTK positioning. Additionally, this new
feature aims at improving position availability in
areas of low GPS visibility. It also enables more
GLONASS only and BeiDou only investigations for
research and teaching. Finally, this functionality
accommodates possible upcoming governmental
regulations.

The precondition for GLONASS only high precision
RTK positioning is that the GLONASS ambiguities
are fixed to integers. This requires appropriate
handling of inter-frequency biases if different
receiver brands are involved (Takac, 2009; Wan-
ninger, 2012). Analyzing RTK data from baselines
with different lengths (13 km, 40 km, 160 km),
Veytsel (2011) showed similar performance pat-
terns of the GPS only and GLONASS only solutions
regarding accuracy and time to fix. Based on the
results from long-term (175 days) network solu-
tions, Zheng et al. (2012) found that the average
coordinate repeatability of GLONASS only is worse
than that of GPS only. Such a difference in system
performance was also reported by Alcay et al.
(2012). In terms of BeiDou only RTK positioning,
Li et al. (2013) presented reliable single epoch
ambiguity resolution results which are comparable
to those of GPS. The accuracy of BeiDou only RTK
positioning is slightly worse than that of GPS, but
it reaches the mm-cm level over very short (4.2 m)
and short (8.2 km) baselines. Applying the im-
proved LAMBDA ambiguity resolution method to
short baseline (10 m) RTK, Odolinski et al. (2014)
showed 100% successful fixes for both GPS and
BeiDou, where the standard deviations of position
errors are also at the mm—cm level. In addition, the
combined use of GPS and BeiDou reduces the posi-
tion standard deviations by 22% and 53% when
compared to GPS only and BeiDou only solutions,
respectively. He et al. (2014) confirmed that the
availability and reliability of dual-frequency BeiDou
RTK positioning are comparable to those of GPS.
The combination of GPS and BeiDou enhances the
performance of ambiguity resolution when com-
pared to GPS only, especially for high elevation
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cut-off angles. Apart from single-baseline RTK,

Li et al. (2014) performed BeiDou only precise
point positioning in kinematic mode. The resulting
horizontal precision is better than 3.0 cm and the
vertical is better than 6.0 cm.

The encouraging findings summarized above indicate
that GLONASS and BeiDou should not be considered
as GPS augmentation systems, but as stand-alone
constellations that are able to provide high preci-
sion RTK solutions. Starting with an overview of
Leica Viva GNSS technology, the following sections
present the results from GLONASS only and BeiDou
only RTK positioning at different accuracy levels.
Compared with GPS only and combined GNSS
solutions, the RTK performance is assessed with
respect to availability, accuracy, CQ reliability and
time to fix.

LEICA VIVA GNSS TECHNOLOY

Leica Viva GNSS provides highly accurate and relia-
ble RTK positions thanks to a series of innovative
technologies such as

e Leica SmartTrack
e Leica SmartCheck
e Leica xRTK

e Leica SmartLink

These technologies are involved in the whole process
of RTK positioning, from signal tracking to data
processing as illustrated in Fig. 1. Using advanced
GNSS measurement engines, Leica SmartTrack
technology guarantees low-noise and highly
sensitive signal tracking, even in strong multipath
environments. It is future proof and ensures
compatibility with all GNSS systems today and
tomorrow. The resulting high-quality observations
are processed by the RTK processing kernel together
with correction data either from a single base
station or from a network. Leica SmartCheck tech-
nology automatically and constantly evaluates the
quality of RTK solutions to ensure high position
reliability. At a slightly lower accuracy level than a
standard RTK fix, Leica xRTK technology provides
reliable, ambiguity-fixed positions with highest
availability in difficult measuring environments
such as urban canyons and dense canopy (Fair-
hurst et al., 2011). The SmartTrack, SmartCheck
and xRTK technologies have been extended to fully
support BeiDou.
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Figure 1 Innovative technologies of Leica Viva
GNSS involved in the process of RTK positioning.

In the case that RTK communication links, for ex-
ample, UHF radio and cell phone, are interrupted,
Leica SmartLink technology uses L-band correction
data from one of the seven geostationary satellites
98W, AORW, AORE, 25E, IOR, 143.5E and POR to
bridge RTK link outages for up to 10 minutes. During
this time, fixed integer ambiguities can be main-
tained reliably in order to avoid work interruptions.
The position accuracy during SmartLink service is
slightly reduced compared to a standard RTK fixed
solution with an approximate 2D accuracy of £5 cm.
Currently, GPS and GLONASS are supported by
SmartLink.

DATA COLLECTION

In order to perform BeiDou only RTK positioning,
two GNSS data sets were collected from Shanghai
test sites. A Leica Viva GS10 unit was connected to
a Leica AS10 antenna at the base, whereas a Leica
GS15 sensor was used at the rover. In the canopy
test, 3 hours of 1-Hz GNSS data were collected
from a short baseline of 245 m. In the open sky
test, 24 hours of 1-Hz GNSS data were recorded
from a very short baseline of 1.5 m. Short base-
lines were used in both tests to additionally reflect
the expected field performance of the sensors
(Richter and Green, 2004). The RTK data format
was RTCM v3 MSM which represents an extension
to RTCM v3 with Multi System Messages (MSM).
The RTCM v3 MSM fully supports GPS, GLONASS,
Galileo and BeiDou in the new message structure.

Satellite Geometry

Fig. 2 shows the GNSS skyplots for the rover sites.
Fig. 2a—c are related to the short-term canopy
data, and Fig. 2d—f are generated using the long-
term open sky data. In the canopy test, a total of

12 GPS, 11 GLONASS and 7 BeiDou (4 GEO and 3 1GSO)
satellites were tracked by the GS15. In comparison
to GPS and GLONASS, the BeiDou satellites illus-
trate an unfavorable distribution with less variabil-
ity. Except for the GEO satellite C1, all the BeiDou
satellites are located in the third and fourth quad-
rants (Fig. 2c). Table 1 provides the mean values
of geometric dilution of precision (GDOP; Hofmann-
Wellenhof et al., 2008, p. 264). In general, the
smaller the GDOP, the better the satellite geometry.
It can be seen that despite canopy GPS and GLONASS
provide good satellite geometry with GDOP values
less than 5. The mean GDOP of BeiDou is larger
than 10, indicating a low confidence level of posi-
tion estimates. The combination of GPS, GLONASS
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Figure 2 Skyplots of the GNSS satellites tracked
by a Leica Viva GS15 at Shanghai (GLO: GLONASS,
BDS: BeiDou) (a—c) 3-hour canopy data collected
on May 9, 2014, (d—f) 24-hour open sky data col-
lected on May 12-13, 2014.

Table 1 Mean geometric dilution of precision

(GDOP) for different GNSS systems (GGB: GPS/
GLO/BDS; cf. Fig. 2).

RTK test GPS GLO BDS GGB
Canopy 2.3 3.7 13.4 1.8
Open sky 2.1 4.5 5.3 1.3
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and BeiDou (GGB) produces excellent satellite
geometry, where the mean GDOP is smaller than
2. Analyzing the open sky data set, 30 GPS, 24
GLONASS and 11 BeiDou (3 GEO, 5 IGSO and

3 MEO) satellites were observed at the rover.
Since more IGSO and MEO satellites are available
in this case the BeiDou satellite geometry is sig-
nificantly improved when compared to the canopy
data (Fig. 2f). Accordingly, the mean GDOP is
reduced from 13.4 to 5.3, being similar to that of
GLONASS (Table 1).

Signal Strength

The quality of signal tracking is analyzed by exam-
ining the measured signal strength. Based on the
24 hours of open sky data, Fig. 3 depicts signal-to-
noise ratio (SNR) over elevation for GPS, GLONASS
and BeiDou signals. Using Leica SmartTrack tech-
nology, GNSS signals from elevation angles lower
than 5° can be received with reasonable SNR values
of up to 45 dB-Hz, 40 dB-Hz and 43 dB-Hz for the
L1, L2 and L5/B2 bands, respectively. As can be
seen in Fig. 3a, GLO L1 is about 1 dB-Hz weaker
than GPS L1, and 5 dB-Hz stronger than BeiDou B1.
This was also observed in Fairhurst et al. (2013)
and corresponds to the different minimum received
power levels of these GNSS signals. Such a system-
atic difference in signal strength is absent for the
L2 band (Fig. 3b). In Fig. 3¢, GPS L5 shows not
only higher signal strength than BDS B2, but also
smaller variations over the whole elevation range.
Currently, there are seven GPS IIF satellites trans-
mitting the L5 signal. All 12 satellites in the GPS IIF
series are expected to be available for RTK posi-
tioning by 2016. Furthermore, larger SNR values
are visible in Fig. 3c at lower elevation angles, and
smaller SNR values are present in Fig. 3b at higher
elevation angles. The latter case is especially
observable in the canopy data set for the GLO L2,
GPS L2 and L5 signals. This indicates that SNR is

a more realistic quality indicator for GNSS mea-
surements than the satellite elevation angle. Its
incorporation into the stochastic model enables a
more realistic characterization of GNSS observation
quality (Brunner et al. 1999; Luo et al., 2008, 2014).
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Figure 3 Signal-to-noise ratio (SNR in dB-Hz) for
GPS, GLONASS and BeiDou signals (Leica Viva GS15,
Shanghai, 24-hour open sky data, May 12—13, 2014)
(@) SNR vs. elevation for GPS L1/GLO L1/BDS B1,
(b) SNR vs. elevation for GPS L2/GLO L2, (c) SNR
vs. elevation for GPS L5/BDS B2.

RTK PERFORMANCE ANALYSIS

The performance of GLONASS only and BeiDou only
RTK positioning is analyzed at different accuracy
levels such as navigation position (Nav), differen-
tial code position (DGNSS) and high precision
position with fixed ambiguities (RTK fixed). The
results are compared with GPS only and combined
GNSS (GPS/GLO/BDS) solutions regarding position
availability, accuracy, CQ reliability and time to fix.

Availability

Within the framework of this study, availability is
defined as the percentage of the RTK solutions at
different accuracy levels (Feng and Wang, 2008).
Mathematically, it can be expressed as



Availability, = % x 100%, (1)
all

where (#Pos); is the number of positions for the
RTK solution type I € {Nav,DGNSS,RTK fixed}, and
#Pos,, denotes the number of all positions measured.
In general, high availability of RTK fixed positions
is desirable.

Table 2 and 3 present the position availability as
computed using Eq. (1) for the canopy and open
sky RTK tests, respectively. The number of all posi-
tions measured (#Pos_) is the same for GPS, GLO
and GGB, whereas BDS delivers fewer positions
due to its limited satellite geometry (Fig. 2 and
Table 1). In the canopy test (Table 2), GPS and GGB
produce about 10% more RTK fixed positions than
GLO, and 30% more than BDS. This demonstrates
the best performance of GPS and the advantage
of the combined solution GGB in ambiguity resolu-
tion. As a whole, GLO and BDS provide approximately
11% and 31% non-fixed solutions, where DGNSS
plays a dominant role. Regarding the results from
the open sky test (Table 3), GLO and BDS show
comparable performance to GPS and GGB, with
more than 98% RTK fixed positions. Despite the
low availability of non-fixed solutions, it can be
seen that more DGNSS positions are produced.
Considering the small numbers of navigation posi-
tions, the following investigations focus on DGNSS
and RTK fixed solutions.

Table 2 Position availability [%] achieved in the
3-hour canopy RTK test [see Eq. (1)].

GNSS  #Pos,, Nav DGNSS RTK fixed

GPS 11111 0.00 0.30 99.70
GLO 11111 2.23 8.93 88.84
BDS 11074 14.02 17.07 68.91
GGB 11111 0.00 0.04 99.96

Table 3 Position availability [%] achieved in the
24-hour open sky RTK test [see Eq. (1)].

GNSS  #Pos,, Nav DGNSS RTK fixed
GPS 87094 0.02 0.04 99.94
GLO 87094 0.42 0.63 98.95
BDS 84226 0.89 1.08 98.03
GGB 87094 0.00 0.01 99.99

Accuracy

For both RTK tests, the ground truth coordinates
are available. This enables an accuracy assessment
by comparing the estimated RTK positions with the
true rover coordinates. In this study, accuracy is
represented by the 3D position error

le]= [V —x0)"+ O —vo P+ GE—200]r  (2)

where i =1,...,n, | denotes the RTK solution type,
and (x, Yo 2z, ) are the true coordinates for point i.
Generally, the smaller the 3D position error, the
better the accuracy. Table 4 shows the mean 3D
position error of DGNSS solutions for different
GNSS constellations. In the canopy test, GPS and
GGB show larger position errors than GLO. This is
due to the extremely low availability of DGNSS posi-
tions for GPS (0.3%) and GGB (0.04%), which leads
to inaccurate estimates of mean position error. In
the open sky test, the DGNSS solutions reach an
accuracy of 0.3 m. In both tests, BDS provides
meter-level DGNSS accuracy.

To analyze the accuracy of RTK fixed solutions, Fig. 4
illustrates the time series of 3D position error and
the number of used satellites. Fig. 4a and b are
related to the canopy test, whereas Fig. 4c and d
depict the results from the open sky test. As can
be seen in Fig. 4a, GLO constantly provides cm-level
RTK fixed positions in the canopy test. However,
when compared to GPS, larger variations are visible
for the time interval 2.5-3 h. This can be primarily
explained by the smaller number of used satellites
during this time (Fig. 4b) and secondly by the higher
noise level. In contrast, BDS produces highly variable
position errors of up to 3 dm, which is attributed
to the satellite geometry problem rather than the
number of used satellites. A maximum of 19 satel-
lites are involved in GGB, which delivers the most
accurate and consistent RTK fixed positions. In the
open sky test, the position errors from GLO are

Table 4 Mean 3D position error [m] of DGNSS
solutions for different GNSS constellations [see Eq. (2)].

GNSS Canopy (3h) Open sky (24h)

GPS 1.59 0.35
GLO 0.53 0.83
BDS 3.25 1.50
GGB 1.44 0.32
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GNSS Canopy (3h) Open sky (24h)
30 .
(b) . GPS 0.022 0.007
—GLO GLO 0.025 0.014
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below 3 ¢m and are insignificantly affected by the
varying number of used satellites (Fig. 4c and d).
However, the position errors from BDS vary strongly
Y, over time and illustrate a negative correlation with
wwm&m&gwq the number of used satellites. In other words, the

more BeiDou satellites contribute to a RTK fixed
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&
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0 i ” 55 5 35 i solution, the smaller the position error will be. In
Time [h] comparison to GPS, GGB shows mm-level improve-
018 ments in position accuracy and consistency,
achieved by using a maximum of 28 satellites
045 L " | simultaneously.
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----- S— ¥ Table 5 presents the mean 3D position error of
RTK fixed solutions. In the canopy test, the mean
position error of GLO is smaller than 3 cm, which
is comparable to that of GPS. Due to the limited
satellite geometry, BDS delivers a considerably
larger position error of about 6 cm. In the open
sky test, GLO is less accurate than GPS, but more
PN Bl it i i eian accurate than BDS. As expected, the combined
15 20 25 30 solution GGB provides the most accurate positions

Time {f] in both tests. Its benefits seem to increase with

30 ; - increasing canopy and baseline length.

(d)

CQ reliability
Leica Viva GNSS provides the so-called coordinate
quality (CQ) indicator to represent the accuracy
of the current RTK position. A realistic CQ should
reflect the position error defined by Eq. (2). Fig. 5
depicts the mean 3D CQ of RTK fixed solutions. In
both tests, except for BDS, the mean 3D CQ values
are below 3 cm. In the canopy test, the mean 3D
CQ (GPS: 0.026 m, GLO: 0.028 m, GGB: 0.019 m)
and position error agree at the millimeter level

o
Q
&

3D coordinate error [m]
o
o
@

o
=)
[

Number of used satellites

GPS GLO BDS GGB

15 20Time - % 30 (cf. Table 5). In the open sky test, the mean CQ
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Figure 5 Mean 3D CQ of RTK fixed solutions for
different GNSS systems (GGB: GPS/GLO/BDS;
cf. Table 5).

values of GPS (0.015 m), GLO (0.028 m) and GGB
(0.011 m) are approximately twice as large as the
associated position errors. This avoids providing
overly optimistic CQ and guarantees the high reli-
ability of RTK fixed positions.

Realistic CQ estimates should reflect the RTK posi-
tion quality instantaneously. To verify this, Fig. 6
illustrates the time series of 3D CQ of RTK fixed
solutions resulting from the open sky test. Com-
paring Fig. 4c and Fig. 6 with each other, it can be
seen that the large peaks in the GLO position errors
are well reflected in the corresponding CQ values.
In the case of BDS, the 3D CQ and position error
show similar variation patterns, where the CQ values
are considerably larger than the actual position
errors at the both ends of the time series. This is
due to a strong contribution of the GEO satellites,
which have invariant satellite geometry and result
in larger position uncertainty. By comparing the CQ
values of GPS and GGB, the combined use of GNSS
leads to not only smaller (cf. Fig. 5), but also more
consistent CQ estimates.

Time to fix

The time to fix (TTF) is here defined as the time
required to regain a RTK fixed solution after losing
it by resetting the ambiguity filter. The TTF can be
computed using

TTF =t,—t,

- with >t 3)

where t; is the time when losing ambiguity fix, and

3D CQ value [m]

Figure 6 Time series of 3D CQ of RTK fixed solu-
tions (24-hour open sky RTK test, baseline length:
1.5 m; cf. Fig. 4c)

t;is the time when achieving an ambiguity-fixed
solution again. A key requirement for high precision
RTK positioning is providing fast and reliable ambi-
guity resolution, even in difficult observational en-
vironments. However, the time to resolve integer
ambiguities is always a trade-off between speed,
performance and reliability of the entire system
(Kotthoff et al., 2003).

For different GNSS constellations, Fig. 7 illustrates
the TTF obtained from Eq. (3) and the associated
cumulative distribution function (CDF). Fig. 7a and
b are related to the canopy test, whereas Fig. 7c
and d correspond to the open sky test. In canopy
conditions, it takes at least 5 s to resolve the phase
ambiguities (Fig. 7a). This minimum time can be
reached by both GLO and BDS. However, they
produce fewer TTF estimates with larger variations
than GPS and GGB (cf. Table 2). Regarding the CDF
in Fig. 7b, GLO and BDS need considerably more
time for ambiguity resolution. The advantage of
GGB over GPS in reducing TTF is clearly visible. In
open sky environments, it is encouraging to see
that the minimum of TTF reaches 4 s (Fig. 7c).
Although the results from GLO and BDS vary strongly
over time, they are highly consistent regarding the
probability distribution (Fig. 7d). In 90% of the
cases, GLO and BDS allow ambiguity resolution
within 10 s. For GPS and GGB, an ambiguity-fixed
solution can be regained in 5 s with 99% proba-
bility.
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Figure 7 Time to fix (TTF) calculated by means of
Eq. (3) and the associated cumulative distribution
function (CDF) (a—b) 3-hour canopy RTK test
(baseline length: 245 m), (c—d) 24-hour open
sky RTK test (baseline length: 1.5 m).
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Figure 8 Time to fix (TTF) computed using Eq. (3)
and the associated number of used satellites
(24-hour open sky RTK test) (@) GLONASS only
solution, (b) BeiDou only solution.

Table 6 Mean time to fix (TTF) [s] achieved using
different GNSS constellations (see Eq. (3), cf. Fig. 7).

RTK test GPS GLO BDS GGB
Canopy 6.8 10.5 15.4 6.2
Open sky 5.0 6.5 6.5 5.0

In order to understand the large variations in the
TTF of GLO and BDS (Fig. 7c), the number of used
satellites is illustrated together with the TTF in Fig. 8.
As can be seen in both plots, larger TTF values with
higher variability are present if @ small number of
satellites (e.g., 5—6) are used for ambiguity resolu-
tion. Not only the number of satellites, but also
the geometry plays an important role in fast and
reliable ambiguity resolution. In Table 6, the mean
results of TTF are summarized for different GNSS
constellations. In the canopy test, GLO and BDS
need about 4 s and 9 s more for fixing ambiguities
than GPS and GGB. However, in the open sky test,
GLO and BDS are on average only 1.5 s slower in
resolving ambiguities than GPS and GGB. A com-
parison between Table 6 and Table 1 confirms the
strong impact of satellite geometry upon the TTF
performance, particularly in difficult observational
environments.



CONCLUSIONS

Always pushing the boundaries on GNSS perfor-
mance, Leica Geosystems provides for the first
time a product that fully supports GLONASS only
and BeiDou only high precision RTK positioning.
In addition, the individual satellite systems can be
easily configured by users themselves. Analyzing
representative GNSS data sets, this paper evaluates
the performance of GLONASS only and BeiDou
only RTK positioning at different accuracy levels.
In comparison with GPS only and combined GNSS
solutions, the results were presented considering
position availability, accuracy, CQ reliability and
time to fix ambiguities. The main results from the
RTK tests in canopy and open sky environments
can be summarized as follows:

1. Due to the limited variability of the GEO and
IGSO satellites, the BeiDou satellite geometry
is worse than GPS and GLONASS. This is partic-
ularly true under heavy canopy.

2. In the L1 band, the signal strength of GLONASS
is approximately 1 dB-Hz weaker than GPS, and
5 dB-Hz stronger than BeiDou. The latter mag-
nitude of difference also applies to the GPS L5
and BeiDou B2 signals.

3. In the canopy test, GPS provides about 10% and
30% more RTK fixed solutions than GLONASS and
BeiDou, respectively. However, in the open sky
test, the availability of ambiguity-fixed solutions
is larger than 98% for all three constellations.

4. GLONASS and BeiDou enable sub-meter and
meter level DGNSS positioning, respectively.
Regarding RTK fixed solutions, both GPS and
GLONASS reach 3 ¢m accuracy in the canopy
test. This is also achieved by BeiDou in the
open sky test. The combined use of GNSS
delivers mm-level accuracy and consistency.

5. The CQ indicator reflects the actual position
error in a realistic manner. The larger BeiDou
CQ is due to the limited satellite geometry,
resulting in larger position uncertainty.

6. The TTF of GLONASS and BeiDou strongly de-
pends on the prevailing satellite geometry. In
the canopy test, GLONASS and BeiDou need
about 10 s and 15 s for ambiguity resolution,

respectively. These times are significantly reduced
to 6.5 s in the open sky test, being only 1.5 s
longer when compared to GPS.

As shown in this study, GPS is still the system of
first choice (Jewell, 2014), and plays the most im-
portant role in RTK positioning. Nevertheless,
GLONASS can already be used in stand-alone mode.
The BeiDou only RTK is feasible, providing cm-level
accuracy in open sky environments. Leica Viva GNSS
technology is fully future proof, which will enable a
straightforward integration of future systems such
as Galileo and will immediately allow Galileo only
RTK positioning once the system is operational.
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