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Abstract: This paper describes a concept to obtain a continuous navigation and position 
solution of inland vessels based on a multi-GNSS antenna system. Also known as, 
“Virtual Receiver” we utilize this approach as an alternative method with respect to a 
common dead reckoning procedure.  
Such an approach strengthens the geometry of visible GNSS satellites immediatelyby up 
to 50%. At the same time, dilution of precision values improve by up to 40%. Hence, 
continuous navigation solution under difficult and challenging environmental conditions 
improves or is even possible. Specific experiments, obtained on a trip from Hannover 
westward on the Mittelland Canal with the inland vessel “MS Jenny” prove that various 
quality measures as well as the noise of the position estimates reduce significantly by up 
to 0.4 m. The position availability for code based navigation reaches 94.5% w.r.t 
classical single point positioning with 77%.     

 

1. Introduction  

Efficient and economic guidance of inland vessels relies on a continuouly, available, reliable 
and precise GNSS navigation solution. Hence, this is especially critical for passages beneath 
bridges or similar structures that cross the inland waterway. The freight transport on inland 
waterways is extreme reliable, almost safe and an effective possibility to transport freights of 
different kinds easily. The versatile loading reduces traffic stress from motorways [1]. 
Although, inland waterways provide an untapped potential for increasing inland waterway 
transport (ITW), Europe’s market is stable since years at around 6.2% of total tonne-
kilometres [2]. For ITW the fleet condition and infrastructure are bottlenecks nowadays. To 
ensure the safety and for providing assistance for collision warning and warnings of bridge 
clearance, robust and reliable GNSS based navigation solutions are required.  
Currently, driver assistant concepts by means of GNSS rely on Real-Time Kinematic (RTK) 
approaches as described in [3], [4], [5], [6] and seems promising to assist the IWT with 
accuracies of decimetres to centimetres. However, to obtain such accuracy as well as 
precision, carrier phase based navigation is required. This is at least important for safety 
relevant applications. Discontinuities due to passages beneath bridges or other structures, 
show two effects: on the one hand, distortion (reflection, diffraction and interruption) of the 
incoming GNSS signals lead to complete loss-of-lock (LOL) of the carrier phases and code 
phase loops inside GNSS receivers. On the other hand, interruptions affect the ambiguity 
resolution. In addition, distortions of the signals are depending on the individual building 
structure of the bridge or infrastructure that crosses the canal.  
In general, LOL are repaired using GNSS and couple it with external units, such as Inertial 
Navigation System (INS). However, alternatively combining more than one GNSS antenna 
and receiver units on a rigid platform is highly effective.  
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This paper presents an alternate approach based on investigations by [7] [8] [9] [10] for 
continuous determination of position estimates to omit discontinuities or at least, to reduce 
them to a minimum. The approach combines a multi-antenna system as virtual receiver for the 
application on IWT without any utilisation of an INS.   
The paper structure is as follows. In the next section, we describe the used navigation 
platform and the characteristics of available and recorded datasets. We discuss laboratory 
studies in the third section as the fourth section follows with detailed discussion of obtained 
results under real conditions for the code observables. Carrier phase observables are in focus 
in the fifth section. The paper finish with an outlook in the sixth and a summary in the seventh 
section. 

 

2. The synthetic GNSS Antenna for Inland Waterway Transport 

2.1 Specification of a synthetic GNSS antenna 
The virtual receiver (VR) is a concept of combining observations from several antennas, 
distributed optimally on a rigid platform with known lever arm. The concept is implemented 
for and is used in the context of curved landing approaches of aircrafts. Nevertheless, it is 
applicable to arbitrary navigation platforms like, e.g. satellites, ferries or vessels. Hence, 
knowing the lever arm with required accuracy, the observations of several individual antennas 
are re-computable to a fixed location on the platform. This produces a synthetic GNSS 

 
(a) 

 

 
(b) 

 
Figure 1: Inland vessel MS Jenny during kinematic scenario on June 27, 2016. Receivers are installed at the 
front (FRNT) and the rear (BACK) of the vessel (a), trajectory of investigated trip from Hannover westward 
to Minden on the Mittelland Canal as kinematic scenario (b). 
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receiver antenna that immediately provides an enlarged field of view w.r.t. individual 
antenna. This processing combines the observables in a coordinated manner. It improve the 
robustness of obtained position solution easily; improve the satellite visibility, position 
availability and various dilution of precision (DOP) values. Several applications prove that 
this approach can guaranty continuous navigation solutions. This is of special interest for 
safety-relevant flight approaches as shown in [8] [9] [11]. In combination with precise point 
positioning (PPP) this approach leads to improved reliability, continuity and precision for low 
earth orbiters (LEO) [10]. Marine applications are firstly demonstrated by [12] for a ferry in 
the Galileo SEAGATE test environment in Rostock, Germany.  
In general, the lever arm requires additional attitude angles to consider the transport rate. 
Furthermore, the individual receiver require a synchronization. Thus, the overall quality of the 
VR solution is at least depending on the lever arm, the attitude angles and the individual 
receiver/antenna equipment.  
2.2 Mathematical model of the virtual receiver 
Since we fixed for our studies the VR in the FRNT location, Eq. (1) shows the rough 
mathematical concept for a code based position solution for the virtual receiver. The code 
observation equation 𝑃஻௞ at the location BACK to a 𝑘௧௛ satellite forms to 𝑃஻௞ = ඥ(𝑋௞ − (𝑥௩௥ − ∆𝑥))ଶ + (𝑌௞ − (𝑦௩௥ − ∆𝑦))ଶ + (𝑍௞ − (𝑧௩௥ − ∆𝑧))ଶ + 𝜕𝑡஻ + 𝜀 (1) 

with the Earth Centred Earth Fixed (ECEF) coordinates of the satellite [𝑋⃗௞], the position of 
the VR [𝑥⃗௩௥], the lever arm [Δ𝑥⃗], the receiver clock estimate 𝜕𝑡஻ and the accumulation of 
remaining errors like, e.g. satellite clock, ionosphere etc. in 𝜀. Consequently, the equation for 
the FRNT location 𝑃ி௞ including the individual receiver clock estimate 𝜕𝑡ி reads 𝑃ி௞ඥ(𝑋௞ − 𝑥௩௥)ଶ +  (𝑌௞ − 𝑦௩௥)ଶ + (𝑍௞ − 𝑧௩௥)ଶ + 𝜕𝑡ி + 𝜀 (2) 

Which results in the design matrix A for an epoch wise least-squares adjustment (LSA). Here 
we have a number of five unknowns, as the individual receiver clock estimate of each 
involved receiver antenna has to be considered in addition. This results in 

𝐴 =  
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎡ 𝜕𝑃஻ଵ𝜕𝑥௩௥ 𝜕𝑃஻ଵ𝜕𝑦௩௥ 𝜕𝑃஻ଵ𝜕𝑧௩௥ 1 0⋮ ⋮ ⋮ ⋮ ⋮𝜕𝑃஻௞𝜕𝑥௩௥ 𝜕𝑃஻௞𝜕𝑦௩௥ 𝜕𝑃஻௞𝜕𝑧௩௥ 1 0⋯ ⋯ ⋯ ⋯ ⋯𝜕𝑃ிଵ𝜕𝑥௩௥ 𝜕𝑃ிଵ𝜕𝑦௩௥ 𝜕𝑃ிଵ𝜕𝑧௩௥ 0 1⋮ ⋮ ⋮ ⋮ ⋮𝜕𝑃ி௞𝜕𝑥௩௥ 𝜕𝑃ி௞𝜕𝑦௩௥ 𝜕𝑃ி௞𝜕𝑧௩௥ 0 1 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎥⎤
 (3)
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3. Dedicated Studies on Inland Waterway Transport 

3.1. The navigation platform: the inland vessel MS Jenny 
Since 2002 and on behalf of the Federal Ministry of Education and Research, the motor 
freight ship MS Jenny (MS Science) annually travels as a swimming science centre with 
changing topics of exhibitions on inland waterways through Germany.  
The dimensions of the vessel are: 100 m length, 9.5 m width and 3.16 m depth. For the 
general navigation, a Radarpilot 720° unit is available. The vessel provides optimal conditions 
to utilize it as a mobile GNSS platform. Our group was pleased to have the opportunity to use 
this optimal environment.  
3.2 Datasets for laboratory studies 
In June 2016 and 2018 we recorded several datasets. The investigations presented in this 
paper will focus on campaigns from June 27, 2016 (DOY179). Here, we study two data 
records in more detail. The first record origins from the time, as the vessel laid at the mooring 
point in Hannover, assigned in this paper as semi-kinematic scenario (DOY179-1). The 
second record is a trip from Hannover westward on the Mittelland Canal with a duration of a 
2.5 hours. This dataset is a kinematic scenario (DOY179-2). Ref. [13] discusses the obtained 
results in more detail. During the kinematic scenario, the vessel passed beneath 30 bridges 
and infrastructures as shown in Fig. 1(b). 
3.3 Hardware set-up 
Instruments Two different GNSS receiver types are in use to investigate their individual 
behaviour on the discontinuities of bridge passing and appearing interruptions. We have had 
the opportunity to set up two GNSS receivers on the inland vessel MS Jenny. Fig. 1(a) 
indicates both mountings by circles. At the front (FRNT), we installed a Javad Delta 
TRE_G3T receiver and a Novatel NOV703GGG.R2. At the rear (BACK), a Novatel SPAN-
SE is in use with the same receiver antenna type as setup for FRNT.   
Lever arm The lever arm between FRNT and BACK was obtained by RTK and tachymeter 
during the time, the ship laid at the mooring point. A distance of 57.34 m with standard 
deviation of 2 cm was determined. 
Reference Trajectory The reference trajectory for the semi-kinematic scenario (DOY179-1) 
is provided by carrier phase based double difference (DD) processing using Novatel GrafNav 
Software (Vers. 8.50.4923) with individual antenna phase centre corrections (PCC) and 
precise products from the centre of orbit determination in Europe (CODE) [14]. For the DD 
computations, we used the reference station at our GNSS laboratory in Hannover. 
Additionally, we process trajectories using the online PPP service like, e.g. NRCan [15]. 
Thus, we processed the reference trajectory for the kinematic scenario (DOY179-2) 
correspondingly. However, as bridge passages invoke mostly complete loss-of-lock (LOL) on 
the carrier phase observation, an enhanced ambiguity fixing is required to bridge the 
misleading ambiguity resolution between bridges. Ref. [3] and [16] discuss similar 
requirements for RTK.  
Specification for Inland Waterway Transport GNSS signal interruptions differ between 
vessels and airplane or satellite applications. Hence, based on the ship geometry and other 
conditions, which lead to LOL and signal interruptions, we used bow and stern of the ship to 
provide a maximum distance between both individual antenna locations (cf. Fig. 1(a)). Since 
the vessel travels with a mean velocity of 10-12 km/h, at least one antenna provides enough 
GNSS observables to bridge passages where individual antennas will have signal 
interruptions, but the synthetic GNSS antenna will not. 
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3.4 Processing strategy 

We processed a single point positioning for the FRNT location (SA) and compare this 
solution with the VR. Therefore, we fix the VR and re-compute the observables to the FRNT 
location with the information of the lever arm. During the computation, we utilized our in-
house developed software. As indicated by Table 1, different weighting schemes are applied. 
On the one hand, identical weighting (IDEN) and on the other hand, elevation dependent 
weighting (COS2). A cut-off angle of 2° applies for both, the semi-kinematic and the 
kinematic scenario. Studies on the carrier phase for GPS L1 DD are computed utilizing a 
moving baseline and using our own software, too. 

4. Results of Code Processing 

4.1 Satellite visibility 
Fig. 2(a) summarises the satellite visibility for the semi-kinematic scenario at the mooring 
point. During this approximate one hour, the satellite visibility is improved by more than 
54%. For the SA case a mean number of only eight satellites was visible whereby at the same 
time, the synthetic GNSS antenna with the VR approach has an amount of 17.3 satellites in 
view. Similar findings are present for the kinematic scenario. Here, during the whole trip, a 
mean number of 9.3 satellites were visible in the SA but 17.1 for the VR case (cf. Fig. 2(b)). 

4.2 Dilution of precision 
The accuracy of range measurements is limited by various errors like e.g., signal propagation 
in the atmosphere, at the GNSS receiver and antenna as well as due to the entire surrounding 
at each individual GNSS receiver antenna. Therefore, errors on the position domain results 
from the errors on the range measurement multiplied by a factor of geometry, the dilution of 
precision (DOP) values [17] [18]. Fig. 3 depicts several subsects of the geometric DOP 
(GDOP). It shows that a synthetic GNSS antenna with the VR approach is extremely 
advantageous to strengthens the satellite geometry and to provide a significant reduction of 
expectable DOP values. As indicated by Fig. 3(a), the accuracy of the position improves by 
about 40% for the scenario at the mooring point. Focussing on the topocentric subsects like 
e.g., the horizontal DOP (HDOP) and the vertical DOP (VDOP) we summarize that the 

(a) (b) 

Figure 2: Number of visible satellites. Cases of SA and VR shown for both scenarios, semi-kinematic (a) and 
kinematic scenario (b). During the trip between Hannover westward on the Mittelland Canal, 30 bridges are 
passed and assigned by gray dashed lines including the individual bridge number in (b).  
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improvements are higher in the case of VDOP than in the case of HDOP. This is especially 
true for the time around 17:00 where the constellation of visible satellites changed in the SA 
case but is stable in the VR case. There, improvements in the VDOP of up to 1.1 are 
noticeable, for HDOP they are around 0.7-0.8. 

 

(a) (b) (c) 

Figure 3: Various subsects of dilution of precision values (DOP) for the semi-kinematic scenario at the mooring 
point in Hannover; subplots show the position DOP (PDOP) (a), horizontal DOP (HDOP) (b) and vertical DOP 
(VDOP) (c). 

4.3 Accuracy and position availability 
The position error (PE) w.r.t. a reference trajectory reflects a measure of accuracy and is 
computed by ∆𝒙ෝ = 𝒙ෝ − 𝒙 (4) 

with 𝒙ෝ being the reference trajectory and 𝒙 the corresponding SA or VR solution. In a local 
topocentric system, the accuracy measures are separated into a horizontal position error (HPE) 

HPE = ට(∆𝒙𝑵𝟐 + ∆𝒙𝑬𝟐) 
(5) 

and a vertical position error (VPE), which reads 

VPE = ห∆𝒙𝑼 ห (6) 

For both scenarios, we summarized the processed solutions in Table 1 for different 
weightings.  
Focussing on the first scenario at the mooring point, the VR completely outperforms the SA 
results. However, the availability of position is quite similar, since at none of the individual 
antennas LOL are present. Nevertheless, this changes, when focussing on the results from 
Tab. 1 in the case of the second scenario. Here, passages of bridges and similar structures 
above the canal lead to LOL at individual antennas. In the case of using the synthetic GNSS 
receiver antenna and the VR approach, these interruptions could be repaired and result in 
more consistent position availability and improved HPE and VPE.  
In addition, Fig. 4. shows the subsects of the topocentric deviations w.r.t. the reference 
solution of the first scenario in Hannover. As shown, the noise on all three components reduce 
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by more than 0.4 m due to strengthened geometry by the synthetic GNSS receiver antenna. 
These results coincide well to the findings of the semi-kinematic scenario presented in Tab. 1.  
 
Table 1: Comparisons of several processing strategies on the performance of VR and SA for semi-kinematic and 
kinematic sessions. 

  VR SA 
  IDEN COS2 IDEN COS2 

semi-
kinematic 
scenario 

(DOY179-1) 

HPE [m] 0.92 0.70 1.35 1.02 
VPE [m] 0.68 0.46 0.90 0.54 

Availability [%] 100 100 99.8 99.9 

kinematic 
scenario 

(DOY179-2) 

HPE [m] 0.76 0.68 1.03 0.97 
VPE [m] 0.49 0.48 0.78 0.71 

Availability [%] 93.7 94.5 80.3 76.7 

 

 

(a) (b) (c) 

 

(d) (e) 

 

Figure 4: Time series of position deviations from reference position in local topocentric system for the semi-
kinematic scenario at the mooring point; north component (a), east component (b) and up component (c) as well 
as position errors (PE) in terms of topocentric components, horizontal PE (HPE) (d), vertical PE (VPE) (e) for 
IDEN processing. 
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5. Results of Carrier Phase Processing  

5.1 Station specific characteristics  
To investigate the impact of the ship on the electromagnetic GNSS signal and furthermore the 
passages of bridges, we study the baseline between bow and stern of the vessel w.r.t. the 
carrier phase signal of GPS on the frequency L1. Therefore, we utilize the approach of a 
moving baseline, which means we process a relative solution between two moving receiver 
antennas and fixed relative distance. The geometry of the lever arm introduces the 
information for the relative fix. In correspondence to the Sec. 4, the base of the moving 
baseline is set at the FRNT location.   
Since different, individual receiver were in use, we summarize their individual quality 
parameters in Fig. 5 for the code and carrier phases at both locations for the semi-kinematic 
scenario. Both locations provide close similar satellite visibilities w.r.t. the ship axis. 
However, taking a closer look into the multipath linear combination (MP) [19], [20] which we 
calculate for the frequency GPS L1 using RINEX3 [21] observations types GC1C, GL1C and 
GL2W, different characteristics are noticeable (cf. Fig 5(b) and Fig 5(e)). The FRNT provides 
unsmoothed carrier phase observables, as the BACK uses a default code-/carrier smoothing. 
In general, vessels have challenging reception conditions w.r.t. the antenna characteristics due 
to materials with high dielectric constants in close vicinity. Moderate code multipath is 
detectable at both locations, whereby the smoothing at BACK leads to some magnitudes with 
less noise than expected at FRNT. The higher magnitudes at BACK are in correspondence 
with actions on the vessel at the mooring point at this time, as several preparations for the 
departure were running. The signal-to-noise (C/N0) time series are quite comparable and 
show typical structures at least for ascending and descending satellites. This gets more 
challenging for the carrier phase observable, when signal interruptions due to bridge passages 
occur. Signal characteristic w.r.t. IWT are discussed in [13] in detail, therefore. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5: Station characteristics of FRNT (a-c) and BACK (d-f) receiver antenna location, with the following 
columns: Skyplot with ship axis w.r.t. topocentric system (1), multipath MP1 (GC1C, GL1C, GL2W) linear 
combination (2), C/N0 for individual satellites over time (3). 
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(a) 

 
(b) 

(c) (d) 
Figure 6: Details for the baseline between FRNT and BACK during kinematic scenario with indicated bridges; 
GPS L1 carrier phase double differences (DD) with interruptions (a), repaired DD (b), C/N0 of ascending GPS 
satellite G11 w.r.t. direction of travel (c) and for G27 descending w.r.t. direction of travel (d). 

5.2 Baseline processing and analysis 
Fig. 6 collects several details to show the difficulties for the carrier phase based navigation in 
IWT and vessel navigation. As discussed in Sec. 4, passages due to infrastructures above the 
canal, like e.g., bridges, barrage gates etc., lead to entire LOL on the carrier, code phase 
observables, and impose difficulties in the ambiguity resolution. This is especially critical for 
safety relevant applications in (near-) real-time. Fig. 6(a) indicates that signal distortions are 
clearly detectable with sudden signal distortions and losses. Thus, magnitudes of several 
decimetres of the GPS L1 carrier phase double difference observable result. Although, carrier 
phase observations are available after the passages of infrastructures, their ambiguity value 
differ after each passage significantly and systematically. Furthermore, in cases where bridges 
or LOL occur closely to each other, an ambiguity resolution is not possible or the 
convergence time cannot be reached. This is true for both, a baseline solution computed based 
on individual PPP solutions for FRNT and BACK, which we obtained by online PPP services 
and GravNav processing, and for a processing of a moving baseline without enhanced cycle 
slip detection. Clean DD for a moving baseline are obtainable when utilising a post 
processing with enhanced cycle slip detection and correction mechanism. In general, the C/N0 
could be an important indicator to detect signal interruptions in real-time applications. 
Therefore, Fig. 6(c) collects C/N0 of both, FRNT and BACK, for the time of the kinematic 
scenario w.r.t. an rising satellite (GPS G11) of good visibility. In addition, Fig 6(d) 
summarises the corresponding observables for a setting satellite (GPS G27) of challenging 
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visibility. Sudden jumps of the C/N0 and the corresponding DD due to bridges (exemplarily 
shown for bridge number 22-28) are detectable. Tab. 2 summarises the corresponding 
individual building structures. First studies with 10 Hz data recording intervals indicate that 
individual building structure could be identified by individual characteristics w.r.t. the signal 
interruptions and distortions. However, the proposed approach of a synthetic GNSS antenna 
with the concept of a VR could be used to bridge and repair carrier phase ambiguities since 
the geometry between the antennas by the lever arm is known. The re-computed observables 
from individual receiver antennas into a unique VR solution could assist the ambiguity 
resolution. In addition, our obtained results of a kinematic baseline on a vessel show the 
expected noise (cf. Fig. 5(b,e)) although the general construction of a vessel provides many 
materials of high dielectric constants which surround the individual GNSS receiver antennas. 
Hence, the noise of the obtained DD solution for the moving baseline results into a deviation 
of ±2 cm with systematic oscillations of up to ±5 cm. 

Table 2: Bridge characteristics for studied time of the kinematic scenario between the time 19:00-20:00 o'clock. 

Bridge Function Lanes Building Structure Time of arrival 
(@FRNT) 

Width Distance under 
bridge 

    [hours] [m] [m] 

22 car 2 Flat 19:14 15 15 

23 farm lane 1 Flat 19:19 8 8 

24 railway 2 metal arc 19:35 13 17 

25 car 2 flat 19:35 13 14 

26 pedestrian 1 metal arc 19:42 6 6 

27 car 2 metal arc 19:53 8 8 

28 car 1 metal arc 19:59 5 5 

 

6. Future Aspects and Further Projects  

For the future work, there are several items open, which will be investigated by our group in 
future. Therefore, a consistent combination of methods and improved hardware set-ups in the 
sense of a multi-system unit (RTK-approach, antenna, infrastructure, navigation processing) 
will be in focus. 
The instruments and in special, here the GNSS antennas can be a bottleneck. Hence, new 
multipath mitigation techniques are available especially for RTK approaches. In cf. [22] very 
promising results are shown to improve the overall GNSS observation quality in the sense of 
multipath in such a multi-sensor-system. 
For the infrastructure, a mass-market RTK service is required. At present, here are several 
distributors with different services available. However, a comprehensive infrastructure on 
inland canals is not exiting yet. Focussing on mass-market products, several companies and 
joint ventures pointing explicitly on those key questions. As for the majority, their 
infrastructure is mainly managing the autonomous driving sector; this will assist a 
comprehensive network infrastructure for assisted and autonomous inland vessel navigation, 
additionally.  
Further investigations look promising to benefit from the VR approach, which is the 
application of receiver clock modelling [23], as the geometry and therefore the stability of the 
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satellite visibility improves, [24]. This approach will be additionally beneficial for navigation 
under challenging conditions. For several navigation scenarios, it could be demonstrated, that 
the most benefit for the receiver clock modelling is to find for the up component. This 
component is at present the most challenging component, at least for the height detection of 
bridges, which are passed by inland vessels.  
 
7. Conclusion 
This paper shows a concept of forming a synthetic GNSS receiver antenna by combining 
measurements of individual antennas with known lever arm. Using the concept of a virtual 
receiver improves both, the navigation geometry w.r.t. visible satellites and the position 
accuracy and availability.  
We applied the concept to IWT using a vessel and could demonstrate promising results. The 
satellite visibility improves by up to 50%, which leads to significant lower DOP values of up 
to 40% for both, the semi-kinematic and the kinematic scenario. Focussing on the bridge 
passages, where signal interruptions lead to challenging and difficult situations for 
positioning, the position availability w.r.t. a classical SA solution improves by 13-16%, 
depending on the weighting scheme. However, the position availability in the kinematic case 
changes from 76.7% in the case of SA to 94.5% in the case of VR.  
The enhanced observation continuity driven by the synthetic GNSS antenna looks promising 
to avoid faults of the carrier phase ambiguity resolution that are caused by LOL and entire 
signal distortions at individual antenna locations in close vicinity to bridge passages.  
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