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INTRODUCTION

The need for localization based services in almost every 
place is constantly growing. GNSS systems are widely used 
to provide position, velocity and time solutions. The major 
drawback of these systems is the lack of satellite signals when 
the sky is obstructed [14, 20, 26]. For this reason, ground – 
based augmentation systems (GBAS) [5] are gaining more 
and more attention in the modern world. GBAS systems 
are meant to improve the GNSS system performance in the 
terms of availability, accuracy and continuity. Dedicated 
GBAS systems are widely used to support precision aircraft 
approach operations. GBAS can be created in various ways 
from differential corrections transmitted using very high 
frequency data broadcast to pseudolite systems. 

The most crucial part of ship navigation is in the harbor 
or in a water channel. Limited space and high obstacles on 
the shore are making the GNSS navigation less reliable then 
in the open sea (where the requirements for the navigation 
are smaller). In order to mitigate the limitations of GNSS in 
such places a GBAS system can be introduced. 

Harbor infrastructure is an important part of the economy. 
A seaport could operate freely, if the following criteria are 
fulfilled:
•	 access to other kinds of transport,
•	 winds and currents protection,
•	 sufficiently deep water channel,
•	 storage space of goods (warehouses, storage yards, tanks, 

siloes, with different strength, internal structure, height 
and capacity with a huge influence to the use of harbor 
space) [1,2,4,7,9,7,14,16-17]
In this paper we would like to present the impact of a low-

cost, ZigBee based GBAS on the accuracy and availability 
of GNSS in a harbor. ZigBee is one of the IEEE 802.15.5 
low-rate wireless personal area networks (LR-WPAN) [13, 
23]. It is a small, low-power digital radio used mainly for 
industrial sensor applications. It is designed for embedded 
application with low power consumption (it can operate 
up to few years on a single AA battery) and low data rates. 
Despite the main purpose of ZigBee devices (which is wireless 
communication), some devices are equipped with ranging 
capabilities. Successful tests of such a device are presented 
in [15, 18, 19] AT233RF device presented in those papers 
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can measure a distance with decimeter accuracy in the ~300 
meters range. The application of such a device next to the ships 
GNSS antenna can significantly improve the availability and 
accuracy of positioning in the area covered with the ZigBee 
signals. The idea of the ZigBee GBAS system is presented in 
Figure 1.

Fig 1. The idea of ZigBee GBAS

To evaluate the impact of transmitters geometry on the 
final position error DOP (Dilution Of Precision) factors are 
commonly used [10, 25]. Smaller DOP value indicates better 
geometry of satellites [3]. Minimum value of PDOP is about 
1.63 for four satellites. If design matrix of a GNSS point 
positioning solution is defined as:

 

where

and
 

Matrix A is defined by:

where 	

, , 

and 

 

Where:
xi, yi, zi   – coordinates of i-th satellite,
xu, yu, zu – coordinates of receiver

Since ZigBee transmitter does not depend on the GPS time, 
an additional ground based transmitter will not improve 
TDOP parameter. Therefore, we have focused on the PDOP 
only. 

A major factor influencing satellites visibility (and PDOP 
factors) are obstructions of the sky. Knowing the satellites 
almanac and obstructions at a certain place, we can determine 
the DOP factors and investigate if an additional ground based 
transmitter would improve positioning accuracy. At the same 
time, the decision about the optimal (from the PDOP point 
of view) localization of the transmitter can be made.

In order to verify if the optimal position of a GBAS 
transmitter can be selected on the basis of the previous 
assumptions, an experiment was conducted.

EXPERIMENT

The experiment took place in Gdansk (Poland) in the 
Gdansk Marina next to the Szafarnia street (Fig.2). The 
difficulty that had to be overcome, was to determine the 
objects obstructing GPS signals at certain position and time. 
The possibility of using the conventional solutions based on 
3D or 2.5D maps were rejected because of the generalization 
of the description of the height coordinate especially in the 
case of buildings. 

Fig. 2 The Marina Gdansk 

One possible solution is the use of a DEM (digital elevation 
model), but even here the process of generalization can 
produce some significant errors from the satellite - receiver 
line of sight determination point of view. Therefore, the laser 
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scanner measurement results were used. The measurements 
were performed using Riegl WZ 400 TLS (Terrestrial Laser 
Scanner). The measurement data was obtained in horizontal 
coordinate systems PL-2000 zone 6 (EPSG:2177) and vertical 
PL-KRON86-NH. The resulting point cloud is depicted in 
Figure 3.

Fig. 3 The point cloud view

The study area had about 130×370 m of a rectangular 
shape. At the beginning of the work all points of elements 
that did not have a permanent character in the measured space 
(floating or moored vessels, shapes of people, etc.) have been 
removed. In this case this task was completed manually, but in 
more complex situations one can apply one of the automatic 
methods of point clouds reduction [11]. The final result was a 
cloud of points containing more than 4,000,000 points. The 
assumed test trajectory is shown in Figure 4 . This trajectory 
consists of 13 points (numbered from one to thirteen from 
north to south) . For each of these points the line of sight to 
every GPS satellite was tested. Figure 4 shows the test area 
overlapped with point cloud, trajectory and possible ZigBee 
locations. The numbers next to the trajectory points refers 
to the number of visible satellites at this point. Two points 
marked in red (point 12 and 13) are the points with the worst 
constellation of satellites.

The analysis of the visibility of the receiver-satellite 
including obstructions described by the cloud of points 
requires all spatial data to be in the same coordinate system. 
WGS84 ECEF (Earth Centered Earth Fixed) system (EPSG 
code: 4328) was selected. With the position of the GNSS 
receiver, satellites and point cloud in this coordinate system, 
the satellite visibility was validated. In the validation process 
only two possible situations were determined – satellite is 
visibility or not. No gradation of the quality of the visibility 
was introduced. In this paper, it is assumed that if there is 
more than 300 TLS points in the cylinder of radius 0.5 m 
expanded along the receiver – satellite line of sight (LOS) 
section, the satellite is obstructed. With this basic assumption, 
for each visibility test it is required to analyze the whole point 
cloud ( for each LOS). With millions of points this would 
be a very time-consuming task. Therefore the data must be 
prepared for such analysis by spatial indexation. For this 

purpose Database Management System (DBMS) PostgreSQL 
with PostGIS extension was adapted [28]. 

Fig. 4 The test area overlapped with point cloud, trajectory and possible 
locations of a ZigBee transceiver

The use of PostGIS gives the possibility to perform 
advanced and optimized spatial analysis and transformations 
of stored objects between coordinate systems and finding the 
relations between spatial objects described in a variety of 
coordinate systems. The use of PostGIS to find a number of 
points contained in the cylinder mentioned above is trivial. 
It is limited to application of st_3ddistnace function which 
returns the 3-dimensional Cartesian minimum distance 
between two geometries. A 3D section connecting GPS 
receiver with consecutive satellites and a set of LiDAR points 
were used as an input for this function. As a result, all of the 
distances from LiDAR points to this section were calculated. 
The selection of obstructions were made on the following 
assumption: if there is less than 5 points with distance smaller 
than 2.5 m the line of sight exists. Otherwise the satellite is 
obstructed. Tests were performed for a GPS constellation from 
2016-05-20 starting from 18:00 UTC depicted in Figure 5.
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Fig. 5 The GPS constellation during analyzed test (The elevation and azimuth 
values are given in degrees unit. π rad = 180°)

RESULTS 

The number of satellites and resulting PDOP values for 
each trajectory point is depicted in Figure 6.

Fig. 6 The resulting PDOP values for each trajectory point

The location of the ZigBee transmitter impacts the PDOP 
value. In order to select the position for which the PDOP is 
minimal, a grid of possible Zigbee locations was stretched on 
the test area. Spacing of grid points was set to 20m. The height 
at which ZigBee transceivers were located was set to 18m 
above the sea level. For each possible Zigbee location thirteen 
PDOP values were calculated assuming receiver position in 
consecutive points of the trajectory. As a result, thirteen heat 
maps (created for a possible locations of a single transceiver) 
were created. In Figure 7 dots represent the possible Zigbee 
locations, while underlying color depicts the PDOP values. 
PDOP values were calculate for each possible ZigBee 
location (taking obstructions in to account) and heat maps 
were interpolated (multiquadric radial basis function) [6]. 

In addition, the cumulative PDOP were calculated and 
depicted. We have defined a cumulative PDOP value as: 

Where PDOPi is PDOP for i-th trajectory position and 
n is the number of points in the trajectory. This parameter 
depicts the average value of PDOP for the entire trajectory. 
The resulting heat maps show small deviations of the PDOP 
value (1.2 – 2.4). This is caused by many satellites still visible 
on the eastern part of the sky. 

Fig. 7 The heat map for PDOP values

To simulate more difficult conditions, free satellites 
(namely PG08, PG27 and PG16) where removed from the 
constellation. Resulting PDOPs and numbers of satellite in 
view without additional ZigBee are depicted in Figure 8.

Fig. 8 The resulting PDOP values for each trajectory point (second scenario)
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It is clear that when the trajectory is getting closer to wharf, 
the number of satellites decreases and PDOP value increases. 
Without ZigBee the PDOP value at the end of the trajectory 
reaches 35 – Figure 8. Results of calculated PDOP values for 
reduced number of satellites and simulated ZigBee locations 
are depicted in Figure 9.

Fig. 9 The heat map for PDOP values (second scenario)

DISCUSSION  

Analyzing Figure 9 one can notice possible transmitter 
location for which PDOP value is low for each point of 
trajectory (point on the blue background). The common point 
with low PDOP for each trajectory point is point number 55. 
The differences between PDOP values (at point 55) for the 
case with and without ZigBee for each point of the trajectory 
are depicted in Figure 10. 

Fig. 10 The resulting PDOP values for each trajectory point  
(scenarios comparison) 

Improvement of PDOP value is much bigger for the points 
at the end of the trajectory where the number of satellites in 
view decreases significantly. 

CONCLUSIONS

Application of ZigBee based GBAS can improve the 
geometry of a positioning solution. The improvement is 
significant in the most unfavorable environment. When the 
number of satellites in view is satisfactory and their geometry 
is good, the application of GBAS does not improve the results. 
The biggest advantage of ZigBee GBAS is its low cost and low 
power consumption. It is important in the task described in 
[11, 22, 24]. ZigBee operates on the 2.4 GHz ISM (Industrial, 
Scientific and Medical) band which is available for all users for 
free. The communication capabilities of the ZigBee protocol 
allows GBAS to operate without prior knowledge of GBAS 
transmitter location (its position can be transmitted via the 
same device). This feature is a major improvement comparing 
to other GBAS systems [11]. The main disadvantage is the 
necessity to install additional infrastructure on the wharf 
and on the vessel. Multipath signal propagation problem may 
occur (which can be mitigated using antenna diversity) but 
this phenomena is not the subject of this paper [25] 

The presented method can be applied for example in multi-
ship trajectory planning [7,9]

Beside the PDOP factor, there are many other issues that 
must be taken into account in such system design [8].
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