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Figure 4 Time series of 3D position error of RTK
fixed solutions and the associated number of used
satellites (a—b) 3-hour canopy RTK test (baseline
length: 245 m), (c—d) 24-hour open sky RTK test
(baseline length: 1.5 m). Note the different scale
of the y-axis in (a) and (c).

Table 5 Mean 3D position error [m] of RTK fixed
solutions for different GNSS constellations [see Eq. (2)].

GNSS Canopy (3h) Open sky (24h)
GPS 0.022 0.007
GLO 0.025 0.014
BDS 0.058 0.024
GGB 0.015 0.005

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
over time and illustrate a negative correlation with
the number of used satellites. In other words, the
more BeiDou satellites contribute to a RTK fixed
solution, the smaller the position error will be. In
comparison to GPS, GGB shows mm-level improve-
ments in position accuracy and consistency,
achieved by using a maximum of 28 satellites
simultaneously.

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
accurate than BDS. As expected, the combined
solution GGB provides the most accurate positions
in both tests. Its benefits seem to increase with
increasing canopy and baseline length.

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

(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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