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Abstract
PPP-RTK is Precise Point Positioning (PPP) using corrections from a ground reference network, which enables single-
receiver users with integer ambiguity resolution thereby improving its performance. However, most of the PPP-RTK studies 
are investigated and evaluated in a static situation or a post-processing mode because of the complexity of implementa-
tion in real-time practical applications. Moreover, although PPP-RTK achieves a faster convergence than PPP, it typically 
needs 30 s or even longer to derive high-accuracy results. We have implemented a real-time PPP-RTK approach based on 
undifferenced observations and State-Space Representation corrections with a fast convergence of less than 30 s to support 
autonomous driving of inland waterway vessels. The PPP-RTK performances and their feasibility to support autonomous 
driving have been evaluated and validated in a real-time inland waterway navigation. It proves the PPP-RTK approach can 
realize a precise positioning of less than 10 cm in horizontal with a rapid convergence. The convergence time is within 10 s 
after a normal bridge passing and less than 30 s after a complicated bridge passing. Moreover, the PPP-RTK approach can 
be extended to outside of the GNSS station network. Even if the location is 100 km away from the border of the GNSS sta-
tion network, the PPP-RTK convergence time after a bridge passing is also normally less than 30 s. We have realized the 
first automated entry into a waterway lock for a vessel supported by PPP-RTK and taken the first step toward autonomous 
driving of inland vessels based on PPP-RTK.

Keywords Precise point positioning · Autonomous driving · Inland waterway navigation · State-space representation 
corrections

Introduction

Global Navigation Satellite System (GNSS) code-based 
positioning is not adequate for accurate navigation of large 
vessels, especially in the case of limited maneuvering space. 
Real-Time Kinematic positioning (RTK) is a phase-based 
and widely applied relative precise positioning technique 
(Teunissen et al. 2014). Network RTK (NRTK) generates 
RTK corrections enabling the users to determine their posi-
tion with centimeter accuracy in real-time using a shipborne 
GNSS receiver (Fotopoulos and Cannon 2001). It has been 
evaluated that the NRTK could provide accurate positioning 

in real-time from 5 to 10 cm in the fairway of Gothenburg, 
Sweden (Alissa et al. 2021). In Germany, an efficient naviga-
tion assistance function has been developed based on NRTK, 
aiming the reduction in risk of collisions in inland waterway 
transportation (Hesselbarth et al. 2020).

However, NRTK has some drawbacks, especially in the 
applications of inland waterway: (1) It needs a bi-directional 
communication link between the user and NRTK service 
provider, as the service provider needs to generate correc-
tion data based on the position received from the user, and 
then send the data back to the user. (2) It needs to com-
pute correction data for each user. As the number of users 
increases, the computational pressure on service providers 
also increases, which is not capable of serving a huge num-
ber of autonomous-driving users in the future. (3) Last but 
not the least, NRTK correction data are encoded and trans-
mitted as Observation Space Representation (OSR). Its size 
changes instantly depending on the number of visible GNSS 
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satellites, and the data rate can therefore sometimes reach 
1000 byte/s. However, the net capacity of modern maritime 
communication system Very High Frequency (VHF) Data 
Exchange System (VDES) for transmitting the NRTK cor-
rection data is only 650 byte/s, which cannot support multi-
constellation NRTK positioning service for inland vessels 
(Alissa et al. 2021).

Although Precise Point Positioning (PPP) with only 
one single GNSS receiver can derive high accuracy solu-
tions (Malys and Jensen 1990; Zumberge et al. 1997), the 
long convergence time of 5–30 min does not align with 
the requirements of real-time kinematic applications (Xia 
et al. 2019; An et al. 2020). Then, PPP-RTK is emerging 
to eliminate both issues of PPP and RTK (Wübbena et al. 
2005; Teunissen and Khodabandeh 2015). PPP-RTK is 
based on precise satellite orbit, clock, signal biases and 
optional atmospheric products which are estimated from a 
GNSS ground station network. These products typically rep-
resented as State-Space Representation (SSR) information 
and broadcasted to PPP-RTK users. Currently, PPP-RTK 
can realize Ambiguity Resolution (AR) with the calibration 
of satellite phase bias products (Laurichesse et al. 2014), 
and different PPP-RTK methods have been proposed (Zhang 
et al. 2019; Aggrey and Bisnath 2019). The fusion of multi-
constellation GNSS reduces the PPP-RTK convergence time 
to several minutes (Nadarajah et al. 2018; Li et al. 2020), 
which can be further shortened if precise atmospheric prod-
ucts are introduced (Geng et al. 2011; Li and Zhang 2014; 
Zha et al. 2021). All the PPP-RTK methods mentioned 
above are mostly investigated in a static scenario. Although 
the PPP-RTK has also been analyzed in dynamic scenarios 
for the vehicle (Geng et al. 2019; Gu et al. 2022; Li et al. 
2022a, b) and inland waterway navigation (Lass and Ziebold 
2021), it needs 30 s or even longer to achieve high accuracy 
results. Moreover, because of the complexity of implementa-
tion in a real-time practical application, PPP-RTK is mostly 
studied in a post-processing mode.

With regards to the real-time PPP-RTK positioning services 
(Li et al. 2022a, b), Japan has established the Centimeter Level 
Augmentation Service (CLAS) based on the Quasi-Zenith 
Satellite System (QZSS). Because this takes place via satel-
lites, there is a time lag of 10 to 20 s until the augmentation 
information is created and transmitted. Thus, the augmentation 
service may not take place in time and would be utilized in 
an auxiliary way for driving on public roads. (https:// qzss. go. 
jp/ en/ overv iew/ servi ces/ sv06_ clas. html). For the commercial 
PPP-RTK services, Trimble constructed CenterPoint-RTX ser-
vice which can reduce the PPP-RTK convergence time to less 
than 1 min in North America and Europe. (https:// posit ionin 
gserv ices. trimb le. com/ servi ces/ rtx/ cente rpoint- rtx/). PointPer-
fect is an advanced GNSS augmentation service designed by 
Ublox to achieve accurate and immediately positioning. The 
positioning results with 3–6 cm horizontal accuracy can be 

obtained within 30 s. However, these commercial augmenta-
tion services are mainly evaluated in a  static scenario (Nardo 
et al. 2015; Hohensinn et al. 2022) and rare studied for support 
autonomous driving.

The goal of this study is implementing a real-time PPP-
RTK approach based on undifferenced GNSS observations 
with a fast convergence of a few seconds to support autono-
mous driving of inland vessels. We will evaluate how PPP-
RTK performs in a real-time kinematic application and val-
idate the feasibility of PPP-RTK when it supports a driver 
assistance system. In the following section, we will describe 
the PPP-RTK approach based on the real-time SSR correc-
tions. Then, outline the measurement campaigns and data pro-
cessing strategies, followed by the analysis of the PPP-RTK 
accuracy and convergence in inland waterway navigation. 
Finally, the conclusions are drawn.

Real‑time kinematic PPP‑RTK approach

This section will describe the PPP-RTK approach applied 
in a real-time kinematic scenario. It firstly describes GNSS 
observation equations, followed by the Kalman filter; then 
introduces AR to improve the PPP-RTK performance; finally, 
presents the workflow of PPP-RTK.

Observation equations

Observation equations of GNSS code, phase measurements 
and SSR atmospheric products from a satellite i to a receiver 
can be expressed as

in which Pi
1
, Pi

2
 and Li
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corresponding wavelength. ñi
1
 and ñi

2
 represent the estimated 

phase ambiguities and are expressed as

where �h1 and �h2 are receiver phase biases; ni
1
 and ni

2
 are 

integer ambiguities. In addition to the code and phase meas-
urements, we are receiving real-time SSR tropospheric and 
ionospheric products, named as Si

T
 and Si

I
 , which are repre-

sented as a multi-state model and calculated according to 
the receiver position (Wübbena et al. 2020). They are seen 
as pseudo observations and added to the PPP-RTK obser-
vation equations. � means the observation noise. Last but 
not the least, phase-windup (Wu et al. 1991) has been cor-
rected in (1). The relativistic effect of Shapiro delay is about 
1.5 ~ 2.5 cm in this case, and the solid earth tides correction 
is 4 ~ 6 cm in this region (McCarthy and Petit 2004). They 
are both considered, while the ocean tide corrections are less 
than 1 cm and ignored.

Reformulate (1) to a matrix format as

in which  
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minus computed observations and expressed as
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Equation (3) is the basic observation equation for a given 
satellite used in PPP-RTK, and a Kalman filter is applied to 
solve the PPP-RTK observation equations.
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Kalman filter

Prediction

Assuming we observe l satellites, the Kalman filter predict-
ing model derives the state vector �k at epoch k from �k−1 
according to

with

Fk is a unit matrix and Wk is the process noise which 
follows a zero mean multivariate normal distribution with 
a variance of Qk . When the sampling interval is 1 s, it can 
be set as

In a kinematic scenario, PPP-RTK starts by performing 
code-based Single Point Positioning (SPP) to get an initial 
receiver position and clock offset at each epoch. The process 
noise of the SPP position and receiver clock offset are set as 
 52 and  1002  m2, which are relatively large and loose just in 
case some large errors may exist in SPP solutions under a 
harsh environment. It has been researched that the stability 
of differential code bias �b2 within one day is normally less 
than 0.3 ns (0.09 m/day) (Li et al. 2018). Thus, setting the 
process noise of �b2 as 0.0012  m2 per second is also rela-
tive loose and reasonable. The process noises of troposphere 
and ionosphere are set as 0.0012 and 0.012  m2 with a sam-
pling rate of 1 Hz. The process noise of ambiguities is set as 
0.0012  cycle2 due to the fact that the estimated float ambi-
guities in (2) are contaminated by the receiver signal biases 
between code and phase measurements. The corresponding 
covariance matrix of the predicted state vector is derived by
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1
, ñ1
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Update

At epoch k, an observation vector �k of the state vector �k 
is formulated as

For a specific satellite i ∈ (1, 2,… , l)�i
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]T . �k is the 
design matrix at epoch k and constructed according to (3). �k 
is a diagonal matrix with the diagonal elements as the observa-
tional noise. The observation noises of code and phase meas-
urements for GPS and Galileo are set as 0.6 m and 0.01 cycle. 
Because the SSR tropospheric and ionospheric products are 
precisely calculated based on a local GNSS station network, the 
corresponding noises are set as 0.01 m and 0.05 m.

The solution of Kalman filter without AR in the updating 
phase is derived by

with

The corresponding covariance matrix of state vector is

Ambiguity resolution

The float ambiguity vector ̃n and its covariance matrix P�̃�̃ can 
be extracted from the solutions Xk|k and �k|k . As mentioned 
before, the receiver signal biases �h1 and �h2 have an influence 
on the estimated ambiguities. The influence can be eliminated 
by differencing the ambiguities between two satellites. Before 
that, we need to select a pivot satellite for each GNSS constel-
lation to construct single-differenced ambiguities between two 
satellites. The satellite with the minimum variance instead of 
the highest elevation is chosen as the pivot satellite.

Assuming the pivot satellite is p, the single-differenced 
ambiguities between two satellites are expressed as

with

in which Δ is the single-difference operator between two 
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Considering a rapid AR, we further construct the wide-lane 
ambiguities as

with

where ∇ is the operator to construct wide-lane ambiguities, 
and � is the matrix expression of the operator ∇.

From (1), it can be seen that SSR ionospheric prod-
ucts and code measurements contribute the estimation of 
the ionospheric delay. Normally, the ionospheric delay 
can be determined at an accuracy of several centimeters 
with one or several epochs data. Assuming the residual 
ionospheric error is 5 cm, its effects on GPS ñ1 ambigu-
ity is 0.05∕0.19 = 0.26 cycles and on GPS ñ2 ambiguity is 
0.05 ×

(
f1∕f2

)2
∕0.24 = 0.34 cycles, while on the ambiguity 

of ñ1 − ñ2 is only 0.26 − 0.34 = −0.08 cycles. That means 
the wide-lane ambiguity of ñ1 − ñ2 is significantly less 
affected by the residual ionospheric errors, and can be faster 
resolved to integers compared to ñ1 and ñ2 . That’s the reason 
why we construct and resolve the wide-lane ambiguities.

The constructed single-differenced wide-lane ambiguities 
between two satellites ∇Δ�̃ are essential integers, its vari-
ance and covariance matrix is derived according to (15) as

Then, ∇Δ�̃ and �∇Δ�̃ are as input parameters of the Mod-
ified Least-squares Ambiguity Decorrelation Adjustment 
(MLAMBDA) for resolving the integer ambiguities (Chang 
et al. 2005; Teunissen 1994). Both the full and partial AR 
are implemented. In partial AR, at most 3 satellites for each 
GNSS are discarded, at least 6 GPS and Galileo satellites 
are retained. The ratio test of fixed failure rate is used for 
ambiguity validation (Verhagen and Teunissen 2013), where 
the fix failure rate is set as 1%. Once the ambiguities are 
successfully resolved to an integer vector ∇Δn , the fixed 
ambiguities will be seen as tight constraints and added to 
(9), which will be solved again to get the solution with AR.

Instead of directly utilizing the single-differenced obser-
vations between two satellites, we apply undifferenced 
observations in Kalman filter and construct the single-dif-
ferenced wide-lane ambiguities between two satellites in the 
stage of ambiguity resolution. It stems from two considera-
tions: (1) The observation noise of undifferenced observa-
tion is definitely lower than that of the single-differenced 
observation, which will benefit the estimation of Kalman 
filter and reduce the observation residuals. (2) It has more 
freedom to select and switch the pivot satellites. For exam-
ple, in a harsh environment where some GNSS signals are 
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interrupted, the pivot satellite may have some small cycle 
slips or minor errors which are not detected and excluded 
in the stage of cycle-slip or residual detection. Then all the 
formed single-differenced ambiguities with respect to this 
pivot satellite will contain some biases, consequently, the 
AR will fail. If the PPP-RTK is based on single-differenced 
observations between two satellites, we have to change the 
pivot satellite, reconstruct the single-differenced observa-
tions between two satellites and solve the Kalman filter 
again. However, if the PPP-RTK is based on undifferenced 
observations, it does not need to solve the Kalman filter 
equation again. We just need to select another pivot satellite 
from the estimated state vector, and calculate a new set of 
single-differenced ambiguities between two satellites, then 
directly try to resolve the new set of ambiguities to integers.

Workflow

The PPP-RTK system supporting autonomous driving of 
inland vessels includes 4 segments, as illustrated in Fig. 1: 
Reference stations, PPP-RTK service center, PPP-RTK unit 
and driver assistance system with display unit. The reference 
stations construct a GNSS station network. PPP-RTK ser-
vice center in this case is Satellite Positioning Service of the 
German Land Survey (SAPOS), which collects observation 
data from the network and generates SSR corrections in real 
time. Considering the time-variant nature of different error 
sources, it provides low-rate and high-rate corrections: the 
low-rate corrections consist of satellite orbit, clock, signal 
biases and atmospheric model with an updating interval of 
30 s; the high-rate corrections refer to the satellite high-rate 
clock corrections with an updating interval of 5 s. These 
SSR corrections are compressed as SSRZ format (Wübbena 
et al. 2020) for saving bandwidth and broadcasted to the 
users through VDES in maritime or cellular network.

The PPP-RTK unit is the main topic we focus on in this 
paper, which contributes to the autonomous driving of 
inland vessels and comprises five submodules:

1. Onboard GNSS receivers. They are the hardware we 
installed on the vessel to receive the GNSS observations.

2. GNSS data preprocessing. It mainly includes the cycle 
slip detection and large errors detection (Blewitt 1990); 
if cycle slips or large errors are detected, reset the ambi-
guity parameters or remove the corresponding measure-
ments.

3. Decoding corrections. This submodule decodes the 
received SSR corrections, calculates precise satellite 
orbit and clocks, calibrates the measurements based on 
the signal biases products and computes the ionospheric 

and tropospheric delays based on the decoded atmos-
pheric model parameters.

4. Kalman filter. It is mainly composed of constructing 
GNSS observation equation, predicting state vector, 
update the state vector based on the measurements and 
solve the Kalman filter equation. Then, detect large 
residuals. If a large error is detected, remove the cor-
responding measurement and reupdate the state vector 
until no large residuals exist.

5. Ambiguity resolution. Try to fully or partially resolve 
the single-differenced wide-lane ambiguities between 
two satellites to integers based on MLAMBDA; if the 
ambiguities are successfully resolved to integers, then 
derive the fixed solution otherwise float solution.

Finally, the driver assistance system steers the vessel 
according to the PPP-RTK solutions and displays the posi-
tion of the vessel on a precise map.

Measurement campaign and data 
processing strategies

To comprehensively evaluate and analyze the PPP-RTK per-
formances, we have conducted 2 measurement campaigns 
located inside and outside the GNSS station network, as 
shown in Fig. 2.

Measurement campaign 1 (M1): A geodetic GNSS 
antenna connected with a JAVAD Delta receiver was 
mounted on the bow of a research vessel “MS BINGEN” 
which is 4 m wide and 14 m long. The Positioning, Navi-
gation and Timing (PNT) unit, installed in the vessel and 
shown in Fig. 3, computes PPP-RTK solutions in real time. 
The measurement campaign was carried out on 17th of 
November, 2021 in Koblenz, Germany. The real-time SSR 
corrections received from SAPOS were generated based on 
18 reference stations. Furthermore, an RTK reference station 
was also setup so as to calculate a reference solution of the 
shipborne receiver by using RTKLib (Takasu and Yasuda 
2009) in a post-processing RTK mode.

Measurement campaign 2 (M2): It was conducted on 
23rd of February, 2022 in Strasbourg, France. As shown 
in Fig. 3, a GNSS antenna was mounted on a large vessel 
“Victor Hugo” which is 83 m long and 9.5 m wide. The 
location is roughly 200 km away from the center and 100 km 
away from the boundary of the GNSS station network. This 
measurement campaign achieved the first automatic entry 
into a waterway lock for the vessel with the support of PPP-
RTK. Instead of setting up an RTK base station, a static 
station, named as ENTZ, from European Reference Frame 
Permanent GNSS Network (EPN) is selected for calculating 
the reference solutions of the shipborne receiver by using 
RTKLib in a post-processing RTK mode.
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The real-time PPP-RTK solutions are calculated by 
RTFramework (Gewies et al. 2012) which is a software 
platform developed by the Institute of Communications 
and Navigation of German Aerospace Center (DLR) for 

real-time GNSS data processing. The RTK solutions 
are post-processed by RTKLib using the final orbit and 
clock products from the Center for Orbit Determination 
in Europe (CODE). The SSR orbit and clocks applied 
by PPP-RTK are determined based on a station network 

Fig. 1  System design and flowchart. The green and red arrows indicate PPP-RTK fixed and float solutions, respectively
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of regional scale, while CODE estimates the orbit and 
clocks in a global scale. As a result, there is a mean offset 
between PPP-RTK and RTK solutions. This offset is cal-
culated by averaging the positioning differences between 
PPP-RTK and RTK solutions and removed in the compari-
son analysis. The processing strategies of PPP-RTK and 
RTK are listed in Table 1.

PPP‑RTK performances and analysis

In inland waterway applications, the PPP-RTK perfor-
mance in horizontal is more important and practical than 
that in vertical, thus horizontal positioning performances 
are mainly analyzed. The convergence time is defined as the 

positioning errors starting lower than 10 cm and retaining 
within 10 cm in the sequential 10 s. Moreover, because the 
PPP-RTK approach estimates the atmospheric delays based 
on the SSR atmospheric corrections, the PPP-RTK approach 
could be applied to outside of the GNSS station network. 
Therefore, the PPP-RTK performances inside and outside 
of the GNSS station network are both evaluated.

PPP‑RTK performances inside of the network

The trajectory of M1 is illustrated in Fig. 4, where the vessel 
started moving from a waterway lock at 11:21, then crossed 
7 bridges, and finally ended in a harbor at 15:30. The PPP-
RTK positioning errors with respect to RTK solutions and 
the corresponding distribution of the errors are presented 
in Fig. 5.

It is shown in Fig. 5 that the errors follow a normal 
distribution. 97.2% and 96.0% of the PPP-RTK errors are 
within ± 0.1 m at east and north components, respectively. 
Only 0.17% and 0.16% of the absolute PPP-RTK errors are 
larger than 0.2 m. Although the vertical positioning errors 
is not as good as those in horizontal and only 47.8% and 
81.1% of the PPP-RTK errors in vertical are within ± 0.1 m 
and ± 0.2  m, the inland waterway applications mainly 
require a precise positioning in horizontal. Moreover, when 
the GNSS signals are significantly interfered by the infra-
structure of the waterway the PPP-RTK is interrupted and 
initialized again. Consequently, there are some larger errors 
observed in Fig. 5. Therefore, passing the bridges and water-
way locks are two challenging scenarios and mainly ana-
lyzed in the next.

Bridge passing

The PPP-RTK trajectories over different types of bridge 
passing are shown in Fig. 6. Although the bridges definitely 
block the GNSS signals, it also depends on the height and 
type of the bridges. Therefore, the bridges passing in this 
section are classified as three situations: A simple situation, 
a normal situation and a complicated situation. In the sim-
ple situation, bridges are relatively high or sufficient GNSS 
signals can be tracked during a passage. The PPP-RTK may 
not be interrupted but with some float solutions. In the nor-
mal situation, the GNSS signals are severely blocked by the 
bridges. Consequently, the solutions are interrupted by a few 
seconds because of the limited available satellites. The PPP-
RTK solver has to initialize again after the passage. The 
initialization takes 9, 6, and 9 s after passing bridges 1, 3 
and 4. In the complicated situation, the vessel continuously 
passes through two bridges within a short time. The GNSS 
signals are not only harshly blocked by the first bridge, but 

Fig. 2  Locations of the two measurement campaigns M1 and M2, 
where the 18 black dots indicate the reference stations used by 
SAPOS to generate the SSR corrections

Fig. 3  PNT unit and the installation of GNSS antennas for measure-
ment campaigns M1 and M2



 GPS Solutions (2023) 27:86

1 3

86 Page 8 of 16

also somehow interfered by the second bridge after passing 
the first bridge. It takes 13 s to get the first fixed solution 
after passing bridge 5, and then after 3 s the AR fail in the 
subsequent 10 s. Thus, it totally requires 26 s to get a reliable 
fixed solution. The initialization takes 13 and 9 s after pass-
ing bridges 6 and 7, which are shorter than passing through 
bridge 5.

The RTK solutions are generated based on the nearby ref-
erence station, the longest baseline length from the base sta-
tion to the rover receiver is about 15 km, and the processing 

strategies are listed in Table 1. The PPP-RTK positioning 
errors with respect to RTK solutions are plotted in Fig. 7. 
In the simple situation, most of the positioning errors are 
lower than 10 cm. As for the normal situation, the ambigui-
ties are successfully resolved within 10 s after passing the 
bridge and the positioning errors are then less than 10 cm. 

Table 1  Processing strategies of PPP-RTK and RTK

Item PPP-RTK RTK

GNSS Signals GPS (L1, L2) + Galileo (E1, E5a)
Weighting strategy

Elevation dependent ∶

{
1,E > 30

◦

1

2𝑠𝑖𝑛(elev)
,E ≤ 30

◦

where E is elevation angle

Elevation dependent:
a +

b

sin(E)
,

where a = 0.002, b = 0.002

Sampling rate 1 s
Elevation mask 15°
Ambiguities Resolved by full or partial MLAMBDA, fix failure rate is set 

as 1%
Resolved by LAMBDA, and ratio test is set as 2.0

Satellite orbit, 
clock, signal 
biases

Real-time SSR corrections Applying precise satellite orbit and clock products, signal 
biases are mitigated by double differenced observations

Atmospheric delay Estimate residual ionospheric and tropospheric delays with 
respect to SSR atmospheric products

Reduced by double differenced observations, and ignore the 
influence of residual atmospheric delays on the horizontal 
positioning

Fig. 4  Trajectory of M1 and position of the RTK reference station. 
The vessel crossed a waterway lock and 7 bridges in this trajectory

Fig. 5  PPP-RTK positioning errors compared with RTK solutions 
and the corresponding histograms, in which the blue curve denote fit-
ted normal distribution
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Regarding the complicated situation, the PPP-RTK solutions 
are obviously biased by several decimeters in the initializa-
tion. It takes 26 and 13 s to get a reliable fixed solution with 
an accuracy of less than 10 cm for bridges 5 and 6, respec-
tively. The convergence time, fixing rate of PPP-RTK and 
the horizontal precision of PPP-RTK fixed solutions dur-
ing passing through these bridges are listed in Table 2. It 
demonstrates that in a simple and normal bridge passing, 
PPP-RTK is capable of achieving rapid convergence of less 
than 10 s with a positioning precision of less than 10 cm, and 
the fixing rate is more than 90%. Even for the complicated 
bridges passing, the initialization time is less than 30 s to 
reach precise positioning within 10 cm.

Waterway lock passing

Different phases of passing through a waterway lock and 
available satellites are shown in Fig. 8. In the phases 1 and 
3, more than 11 GPS and Galileo satellites are available. 

The most challenging phase is phase 2 when the vessel 
is in the chamber. Regularly there are 9 GPS and Galileo 
satellites in this phase. However, the number of satellites 
decreases to 7 during the vessel crossing the lock gate in 
the chamber. The GNSS signals are severely interfered 
by the building indicated in Fig. 8. Consequently, the AR 
fails in 0.3% of the solutions and all of them exist at the 
junction of phases 2 and 3. Once the vessel passed the lock 
gate, the number of available satellites increases and the 
ambiguities are soon successfully resolved.

The comparison between PPP-RTK and RTK solutions 
is plotted in Fig. 9. The fixing rates of ambiguities for 
PPP-RTK and RTK are 99.7% and 97.3%, respectively. 
The standard deviations of the errors in east are 0.015 m, 
0.025 m and 0.011 m for Phases 1, 2 and 3; in the north, 
they are 0.019 m, 0.022 m and 0.015 m. The standard 
deviation at Phase 2 is the worst, because the available 
satellites are relatively less than the other phases. To 
summarize, the available satellites undoubtedly affect the 
PPP-RTK performance, especially when the vessel passes 

Fig. 6  PPP-RTK trajectories over the 7 bridges: a simple situation (bridges 2 and 7), a normal situation (bridges 1, 3, 4) and a complicated situa-
tion (bridges 5, 6)
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through a lock gate in the lock chamber, the number of 
available satellites decreases, and fixed solutions are not 
expected to be obtained. Once the vessel passed through 
the lock gate, the ambiguities can be immediately resolved 
to integers and then derive PPP-RTK fixed solutions.

PPP‑RTK performances 
outside of the network

The trajectory of M2 and position of RTK reference station 
are shown in Fig. 10. Because the location of the meas-
urement campaign is far away from the SSR GNSS station 
network. We enlarge the observation noise of SSR tropo-
spheric and ionospheric products from 0.01 m and 0.05 m to 
0.04 m and 0.2 m, respectively. The PPP-RTK performances 
of bridges passing and waterway lock entering are analyzed 
in the next.

Bridges passing

The PPP-RTK performances over the bridges are plotted 
in Fig. 11. When the vessel is under the bridges, there is a 
solution gap of several seconds. The PPP-RTK has to ini-
tialize after crossing the bridges. The PPP-RTK positioning 
errors with respect to RTK solutions are shown in Fig. 12. 
The number of GPS and Galileo available satellites is less 
than 5 when the vessel is under the bridges. After pass-
ing through the bridges 1, 2, 3 and 4 from south to north, 

Fig. 7  PPP-RTK positioning error with respect to RTK solutions dur-
ing passing the 7 bridges: a simple situation (bridges 2 and 7), a nor-
mal situation (bridges 1, 3, 4) and a complicated situation (bridges 5, 
6). In the legend, the green dotes (PPP-RTK & RTK fixed) mean both 
PPP-RTK and RTK solutions realized AR; the blue dots (PPP-RTK 

fixed & RTK float) indicate the PPP-RTK solutions achieved AR but 
RTK not; the orange dotes (PPP-RTK float & RTK fixed) illustrate 
the PPP-RTK solutions failed to realize AR but RTK solutions real-
ized; the red dots (PPP-RTK & RTK float) mean both the PPP-RTK 
and RTK solutions did not realized AR

Table 2  Convergence time, fixing rate of PPP-RTK and horizontal 
precision at 95% confidence level after convergence for the 7 bridge 
passages

Bridge number Convergence time Fixing rate 
(%)

Horizontal 
precision 
(95%)

1 9 s 91.1 0.03 m
2 Not interrupted 90.3 0.05 m
3 6 s 93.8 0.05 m
4 9 s 93.2 0.06 m
5, 6, and 7 26 s, 13 s and 9 s 79.5 0.09 m
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the convergence time is 16 s, 17 s, 67 s and 3 s, which are 
listed in Table 3. While it spends 9 s, 46 s, 16 s and 16 s for 
bridges 4, 3, 2 and 1 when the vessel moving from north 
to south. The convergence is a little bit longer than that of 

M1, because the bridges are wider and the structures are 
more complicated as those used in M1. Moreover, because 
bridge 3 is a suspension bridge, which has a more compli-
cated structure than other bridges, it takes the longest time of 
convergence. The fixing rate of PPP-RTK solutions is 96.5%. 
Compared with RTK solutions, the positioning precision at 
95% confidence level is 0.06 m when the vessel moving from 
south to north. When the vessel moving from north to south, 
the fixing rate is 93.5% and the positioning precision at 95% 
confidence level is 0.07 m.

Waterway lock entering

The main purpose of this measurement is to assess the PPP-
RTK performances when PPP-RTK supports a driver assis-
tance system to steer a vessel automatically entering into a 
waterway lock. The driver assistance system steered the ves-
sel following a straight line to enter into the waterway lock. 
Actually, the true trajectory of the vessel is not an absolute 
straight line because of the steering accuracy. The vessel 
tried to enter into the waterway lock three times. The trajec-
tory of the vessel and also the perpendicular offsets with 
respect to the theoretical straight line are plotted in Fig. 13.

It is the most challenging for the vessel crossing the lock 
gate, where most of the solutions are float solutions. For 
the 1st entry into the waterway lock, PPP-RTK and RTK 
have comparable fixing rates, they are 94.3% and 94.8%. 
While for the 2nd and 3rd entries, the fixing rates of RTK 
are 95.1% and 90.7%, which are higher than the PPP-RTK 
fixing rates of 83.8% and 86.9%. Regarding the percentages 
of the perpendicular offsets within ± 10 cm for the three 
entries, they are 93.2%, 72.9%, 83.6% for PPP-RTK and 
91.8%, 66.9%, 90.4% for RTK solutions. The percentage of 
the 2nd entry is the lowest no matter for PPP-RTK or RTK 
solutions. This is because the steering amplitude of the 2nd 
entry is larger than other times.

The discrepancies between PPP-RTK and RTK solutions 
for the 3 entries are presented in Fig. 14. There are large 
discrepancies during crossing the lock gate. Especially for 

Fig. 8  Trajectory and available satellites over the waterway lock. 
Phases 1 and 3 indicate the vessel is at the outside of the lock. Phase 
2 means the vessel is in the lock

Fig. 9  PPP-RTK errors with respect RTK solutions in horizontal dur-
ing passing the lock

Fig. 10  Trajectory of M2 and the RTK reference station selected 
from EPN in Strasbourg, France. The baseline length from the RTK 
base station to the rover receiver is between 10.5 km and 12.5 km
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the 2nd entry, the discrepancies are even larger than 0.5 m. 
Actually, the large errors are mainly from RTK float solu-
tions. RTK solutions have obvious larger errors just before 
crossing the lock gate, which can be seen from the trajectory 
of RTK solutions in Fig. 13. The convergence time, fixing 
rate of PPP-RTK and horizontal precision at 95% confidence 
level after convergence for the three enteries of the water-
way lock are listed in Table 4. The convergence time for 
the three entries is 13 s, 22 s and 9 s. After convergence, 

the horizontal precision of PPP-RTK is 0.05 m, 0.14 m and 
0.07 m for the three entries, respectively. It proves that, 
PPP-RTK can realized a rapid convergence and achieve an 
accuracy of less than 10 cm for the  1st and  3rd entries after 
crossing the lock gate. Therefore, PPP-RTK can well sup-
port the driver assistance system with a high precision, this 
is also the first time that a vessel automatically enters into a 
waterway lock supported by PPP-RTK.

Fig. 11  PPP-RTK performance 
over the bridges, the vessel was 
moving from south to north in 
the top panel and from north to 
south in the bottom panel

Fig. 12  PPP-RTK positioning errors in horizontal with respect to RTK solutions and the available satellites during passing the bridges, in which 
B1, B2, B3, B4 indicate Bridges1, 2, 3 and 4, respectively. The meaning of different colors in the panels of top two rows refers to Fig. 7
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Actually, we installed two GNSS antennas on the bow and 
stern of the long vessel, respectively. As an example, this 
manuscript just showed the PPP-RTK performances of the 
bow antenna. The PPP-RTK are running independently for 
the bow and stern GNSS antennas. When passing through a 
bridge, the GNSS signals of the bow antenna is blocked by 
the bridge, while the stern antenna is still in an open area and 

normally provides PPP-RTK services to the control system 
of the vessel. As a result, the control system of the vessel can 
continually get the PPP-RTK solutions from the two-antenna 
system when passing through a bridge. We are taking the 
first step of PPP-RTK for supporting autonomous driving 
of inland vessels. In the next step, we are going to imple-
ment the tight coupled PPP-RTK and IMU so as to provide 
continual positioning service and integrity information for 
autonomous driving even in a harsh environment.

Table 3  Convergence time of PPP-RTK when the vessel passing 
through the bridges B1-B4 from south to north and from north to 
south

Bridge number Convergence time

South to north North to south

1 16 s 16 s
2 17 s 16 s
3 67 s 46 s
4 3 s 9 s

Fig. 13  Ground track of PPP-RTK and RTK solutions when the ves-
sel tried to automatically enter into the waterway lock three times, 
and the perpendicular offsets with respect to a straight line from the 
starting point to the stopping point, the light gray shadow defines an 
error bar from − 10 cm to 10 cm

Fig. 14  PPP-RTK positioning discrepancies in horizontal with 
respect to RTK solutions and available satellites during the three 
entries of the waterway lock. The meaning of different colors in the 
panels of top two rows refers to Fig. 7

Table 4  Convergence time, fixing rate of PPP-RTK and horizon-
tal precision at 95% confidence level after convergence for the three 
entries of the waterway lock

Entries of lock Convergence 
time

Fixing rate (%) Horizontal 
precision 
(95%)

1 13 s 94.3 0.05 m
2 22 s 83.8 0.14 m
3 9 s 86.9 0.07 m
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Conclusions

Compared with RTK, PPP-RTK has more advantages and 
is more suitable for autonomous driving. By utilizing the 
state-of-the-art SSR corrections, we implemented a PPP-
RTK approach with instant AR and rapid convergence. 
It has been proven that the convergence time is within 
10 s after a normal bridging passing and less than 30 s 
after a complicated bridge passing. The standard deviation 
in horizontal is less than 0.03 m during the vessel pass-
ing through the waterway lock. In addition, this approach 
estimates the ionospheric and tropospheric delays based 
on a priori knowledge of SSR atmospheric model, thus 
the PPP-RTK approach can be extended to outside of the 
GNSS station network. Even the location is 100 km away 
from the border of the GNSS station network, the PPP-
RTK convergence time after a bridge passing is also less 
than 30 s except for a very complicated suspension bridge, 
and more than 90% of the discrepancies between PPP-RTK 
and RTK are less than 10 cm during entering a waterway 
lock. The high-accuracy real-time PPP-RTK with rapid 
convergence has been well applied for accurate navigation 
in inland waterway. Finally, we realized a vessel automati-
cally entering into a waterway lock supported by PPP-RTK 
solutions.
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