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Abstract. Global Positioning System (GPS) is nowadays the most familiar
and widely used positioning technique. With the emerging growth in the
number and types of mobile devices, it is being installed as a standard service in modern mobile phones (smartphones). However, it has some limitations due to the availability of the signal in some specific circumstances and
its stability. For that reason, cellular network techniques for precise location estimation with the use of mobile phones were developed. In this paper, we investigate GPS accuracy influenced by different conditions and
compare it with cellular network positioning. It was possible thanks to a
measurement campaign performed on the campus of Lodz University of
Technology in Poland. This work demonstrates the comparison between
different positioning methods together with their accuracies, providing an
overview on the reliability of the results for different urban scenarios.
Keywords. Cellular network positioning, GPS accuracy, static GPS measurements

1.

Method

1.1. Measurement Set-up
The hardware consisted of a smartphone, which for static measurements
was placed on a tripod with a rotational platform. The constant height was
preserved, whereas the orientation was changed each thirty minutes so that
the user could compare the results for different azimuth angles. This
amount of time was sufficient for statistical reasons and in order to obtain
stable results.
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Figures 1., 2. The measurement aperture in an outdoor and indoor location.

They were provided by constant number of four times 1,800 probes and
measurement time of two hours. The data was collected with the aid of an
Android App implemented in previous projects at Lodz University of Technology. The scripts employed for signal processing and detailed analysis
had been developed with the aid of Matlab.
1.2. Measurement Points Choice
The points chosen for static collection of data had to be accessible for 2hour measurement. Moreover, they vary not only in locations, but also satisfy different conditions influencing localization accuracy. That makes them
representative for the analysis. Factors such as environment and surroundings (trees, open air locations), urban areas characteristics (crossings,
buildings), as well as the weather, should be taken into consideration. In
this plenty of in- and outdoor scenarios, the ground truth of the measurement points was estimated with a traditional measuring tape. In some
points the software did not work properly estimating the network coordinates (no_data) or just provided constant value instead of varying data expected. For one point of interest (POI), referred to as ‘staw’, the data was
corrupted and for that reason discarded from the analysis. For the remaining locations the results, varying with orientation, will be further discussed.
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POI Name

Real_lat

Real_lon

Cell_lat

Cell_lon

Description

weeia

51.752563

19.453221

51.7512584

19.4525845

indoor ground floor

lodex

51.747290

19.453846

varying

varying

indoor 4th floor window

03.04.

staw

51.747586

19.454062

varying

varying

outdoor building shadowing

20.04.

garaz

51.754099

19.451647

51.7471068

19.4538508

outdoor building canyon

20.04.

grad

51.746587

19.453696

no_data

no_data

outdoor open space area

21.04.

dwz

51.748518

19.453382

no_data

no_data

outdoor park green area

21.04.

mosir

51.749344

19.453428

51.7471004

19.454077

outdoor street low traffic

30.05.

Table 1. The measurement point coordinates with their descriptions.

Figures 3., 4. The measurement point locations with their names.
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2.

Findings and Arguments

2.1. Distance Calculation
In order show the deviation between the measured point and the ground
truth, the need for distance calculation based on the geographical coordinates arised. The study of available literature showed that there are two
main approaches to be taken into consideration. The first one employs the
so called “haversine” equation (1), which is important for navigation and
enables to estimate shortest path between two points on the Earth’s surface.
The differences in altitudes are not taken into consideration. Assuming the
spherical shape of Earth, one neglects the ellipsoidal effects, achieving sufficient accuracy in most cases. An error does usually not exceed 0.3 % which
is represented as rounding results off the to 4 significant digits (Movable
Type Scripts, 2016).
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The variables φ and λ denote latitude and longitude, respectively, while R
stands for the mean radius of Earth. For the purpose of trigonometric functions, both coordinates need to be implemented in radians.
Nevertheless, there exist also a more straightforward method which constitutes a reasonable one-line alternative to the haversine formula for many
geodetic purposes. Most of recent computers and programming languages
use ‘IEEE 754’ 64-bit floating-point numbers with a precision of 15 significant digits which is enough for well-conditioned results down to distances
as small as a few meters on the earth’s surface using simple spherical law of
cosines formula (2). Comparing these two common formulas, it turns out
that the second one may be more suitable for very small distances an
equirectangular approximation (Movable Type Scripts, 2016).
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(2)

Hence, the spectral law of cosines was chosen for the analysis performed
with the aid of Matlab. The calculated distances were comparable with
those provided by online tool employing the more complex equation, what
proved that the choice was appropriate.
2.2. Measurement Points Without Network Data
In this subsection, the locations without the information about the coordinates determined by cellular network are described.
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A) grad
Looking at the Figures 6 and 8, it can be noticed that the accuracy provided
by the GPS sensor is generally comparable with the deviation from the true
position. It means that in the case of point of interest denoted as A, which
is an open space area, the result is at the verge of reliability. It can be also
observed in Figure 10 that for most of the probes the square indicating the
true position is inside the circles, radius of which represents the sensor accuracy. Figures 5 and 7 indicate sufficient stability of the results.

Figure 5. GPS deviation from true position - time series (blue), mean (red) +/- std (green).

Figure 6. GPS deviation from true position per orientation – mean, median, standard dev.
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Figure 7. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 8. Accuracy of the GPS position per orientation – mean, median, standard dev.

Figure 9. a, b, c, d. GPS positions per orientation (colored) with true position (square).
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Figure 10. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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B) dwz

Example point B was located under the trees, so the Google Earth satellite
screenshot is not presented here as the point is not clearly visible. Comparing the Figures 12 and 14 one may observe that the accuracy provided by the
GPS sensor is, on average, a few meters smaller in value than the deviation
from the true position. It means that in the green area with trees the result
is less reliable than in the previous case. It can be also observed in Figure
15, that for most of the cases the square is outside the circles. Figures 11 and
13 show also more outliers, but the result can be considered as quite stable.
Based on these two Figures, however, another interesting observation was
made. The clear difference in curve traces and peaks between subplots, as
well as largest deviation from the true position and accuracy values for the
east coordinate, prove the influence of measurement setup orientation. A
possible cause could be the neighborhood of a building that was about ten
meters further on the western side. A more detailed investigation of the
GPS sensor placement inside the smarthphone could verify this hypothesis.

Figure 11. GPS deviation from true position - time series (blue), mean (red) +/- std (green).
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Figure 12. GPS deviation from true position per orientation – mean, median, standard dev.

Figure 13. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 14. Accuracy of the GPS position per orientation – mean, median, standard dev.
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Figure 15. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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2.3. Measurement Points With Constant Network Data
Measurements taken on the following three points brought constant coordinates provided by the cellular network. They differ significantly from the
true position. An online tool enabled us to illustrate the deviation on a map
(Movable Type Scripts, 2016).

Figure 16. The deviation of constant coordinates provided by the cellular network from the
true position of measurement hardware for the ‘weeia‘ point of interest (distance: 151.5 m).

The next two Figures present an interesting relationship. In both cases, the
positions estimated by cellular network have almost the same coordinates.
Moreover, the indicated point is a close to a location of another, previous
measurement series. So far it was impossible for us to find a reasonable
explanation for this fact. One possibility is that the cellular network information provided for the previous point remained unchanged due to some
network mistake of not updating the position on the measuring device. The
answer to that phenomena might be probably found after the detailed investigation of surrounding base stations, depicted in the Figure 19, and the
analysis of their signal strength. This investigation could be a starting point
of future research in this area.
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Figures 17., 18. The deviation of constant coordinates provided by the cellular network
from the true position of measurement hardware for the ‘garaz‘ and ‘mosir‘ points of interest
(distance: 792.2 m and 253.5 m, respectively).

Figure 19. Base Stations Cell IDs (arrows) with the last point ‘lodex’ true location (square).
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C) weeia
In the case of point C, which was indoor, both the deviation and the accuracy was 2 up to 4 times larger than in the outdoor scenarios. Looking at the
Figures 21 and 23 one may see the difference between these two and previous plots. The accuracy provided by the GPS sensor is again smaller than
the deviation from the true position, which indicates the fact that it is not
sufficient to rely on. It can be also observed in Figure 25, that for most of
the cases the square is outside the circles. Figure 22 shows that the accuracy
indicator varies significantly what makes the results totally unstable.

Figure 20. GPS deviation from true position - time series (blue), mean (red) +/- std (green).

Figure 21. GPS deviation from true position per orientation – mean, median, standard dev.
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Figure 22. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 23. Accuracy of the GPS position per orientation – mean, median, standard dev.

Figure 24. a, b, c, d. GPS positions per orientation (colored) with true position (square).
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Figure 25. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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D) mosir
As for the point D, for which the measurements were collected in the street,
comparing the Figures 27 and 29 it can be stated that the results are again
hardly reliable since the accuracy provided by the GPS sensor is slightly
smaller than the deviation from the true position. It is not clearly seen in
Figure 31, however, the analysis proved that the square is outside the circles
for most cases. The Figures 26 and 28 prove that the result cannot be said
to be stable, no matter what the actual orientation was.

Figure 26. GPS deviation from true position - time series (blue), mean (red) +/- std (green).

Figure 27. GPS deviation from true position per orientation – mean, median, standard dev.
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Figure 28. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 29. Accuracy of the GPS position per orientation – mean, median, standard dev.

Figure 30. a, b, c, d. GPS positions per orientation (colored) with true position (square).
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Figure 31. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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E) garaz
Comparing the Figures 33 and 35 for the location E, one observes a huge
discrepancy between the GPS sensor accuracy and the deviation from the
true position. That makes the results least reliable from all which were so
far analyzed. It can be explained by the urban canyon scenario – an area
surrounded by buildings that probably block the GPS signal and result in
many secondary waves due to multipath and reflection phenomena. In Figure 37, it can be clearly seen that the square is totally outside the circles.
The Figures 32 and 34 show the instability of most of the cases.

Figure 32. GPS deviation from true position - time series (blue), mean (red) +/- std (green).

Figure 33. GPS deviation from true position per orientation – mean, median, standard dev.
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Figure 34. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 35. Accuracy of the GPS position per orientation – mean, median, standard dev.

Figure 36. a, b, c, d. GPS positions per orientation (colored) with true position (square).
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Figure 37. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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2.4. Measurement Point With Varying Network Data
F) lodex
In this last example, one deals again with an indoor scenario. Comparing
the Figures 41 and 43 it can be observed that the deviation from the true
position is beyond the accuracy provided by the GPS sensor, meaning the
poor reliability of the result. It is also clearly visible in the Figure 46 where
the square is far outside the circles. Based on the Figures 40, 42, 44, 46 and
48 it can be stated that the results are stable with some minor outliers.

Figures 38., 39. Network positions for each orientation (colored), on the left – and points
with constant network positions (yellow pins) with their true locations (white squares), right.
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This point of interest was also the only one with varying coordinates information provided by the cellular network. For that reason, analysis of base
stations triangulation positioning was possible. Unfortunately, again the
deviations from the true position are greater than the accuracy provided by
the cellular network which turned out to be more stable, but on the other
hand less reliable than GPS. The discrepancies between network and GPS
positions are significant, larger than the deviations from true positions.
However, the network positions are more concentrated what makes it more
precise than GPS positioning. This effect may be observed while comparing
the Figures 50 and 51. In the Figure 50, the accuracy of the network was so
large in value and significantly stable compared with the spread of the
points that for the better view it was not reasonable to add this information
to the same plot. In can be, however, seen from Figures 46 and 47.

Figure 40. GPS deviation from true position - time series (blue), mean (red) +/- std (green).

Figure 41. GPS deviation from true position per orientation – mean, median, standard dev.
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Figure 42. Accuracy of GPS per orientation - time series (blue), mean (red) +/- std (green).

Figure 43. Accuracy of the GPS position per orientation – mean, median, standard dev.

Figure 44. Deviation of coordinates provided by cellular network from the true position per
orientation – plot of time series (blue) with mean (red) and +/- standard deviation (green).
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Figure 45. Deviation of coordinates provided by cellular network from the true position for
each orientation – mean, median, standard deviation.

Figure 46. Accuracy of coordinates provided by cellular network per orientation – plot of
time series (blue) with mean (red) and +/- standard deviation (green).
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Figure 47. Accuracy of coordinates provided by cellular network for each orientation –
mean, median, standard deviation.

Figure 48. Deviation of coordinates provided by cellular network from GPS position per
orientation – plot of time series (blue) with mean (red) and +/- standard deviation (green).
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Figure 49. Deviation of coordinates provided by cellular network from GPS position for
each orientation – mean, median, standard deviation.

Figure 52. a, b, c, d. GPS positions per orientation (colored) with true position (square).
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Figure 50. Network positions (points) with true position (square) per orientation.
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Figure 51. a, b, c, d. GPS positions (black), accuracies (green) and true position (square).
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2.5. Discussion of the GPS Results
The overall results presented in the Table 2 constitute a summary of findings from the previous sections. The stability can be judged considering the
ratio between the standard deviation and mean for deviation and the accuracy separately, whereas reliability might be assessed based on the relationship between the accuracy and deviation values, respectively. The reference
measurements indicate the fact that outdoor locations not shaded by buildings or trees present the highest reliability, defined as spread between GPS
sensor accuracy and the deviation from the true position. This study also
shows that the altitude has an impact on the measurement stability, which
is more significant in the indoor scenarios.
GPS deviation [m]

GPS accuracy [m]

POI
Name

Mean

Me-

Std

dian

dev.

Mean

Me-

Std

dian

dev.

Description

Stability

Reliability

grad

4.70

4.76

2.21

4.47

4.00

1.14

outdoor open space

high

medium

dwz

10.15

7.45

9.45

6.03

5.00

2.91

outdoor park area

medium

low

weeia

27.55

29.15

6.31

24.27

19.00

13.58

indoor ground floor

very low

very low

mosir

5.25

4.80

2.55

4.82

5.00

1.41

outdoor in the street

low

medium

garaz

15.90

16.56

8.64

4.62

4.00

1.38

outdoor building canyon

low

very low

lodex

15.54

13.80

5.09

11.66

11.00

2.71

indoor 4th floor

medium

low

Table 2. The measurement points GPS stability and reliability.

3.

Conclusions

In this work the influence of environment such as shadowing by buildings
and trees was confirmed. The analysis of reference measurement data covered both static indoor and outdoor scenarios. Not only the GPS data were
taken into consideration, but also the use of cellular network data was investigated. As stated before, this might be the a start point for further future
work. Detailed statistical investigation was performed and some interesting
correlations were found. This paper may help the everyday modern mobile
phone user to understand and react to some challenges resulting from positioning tools of limited accuracy and stability. Our work might also become
an impact for the cellular network providers encouraging them to further
develop positioning and localization applications.
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