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Evaluation of elevation parameter determination by Global Navigation Satellite
Systems’ sports receivers: A preliminary study

Abstract

Introduction: Sports Global Navigation Satellite Systems’ receivers have been providing athletes, coaches,
and scientists with valuable information on movement for over two decades. As these receivers are
specific measuring instruments, there is a need to determine their accuracy. This paper presents a
relatively simple methodology for assessing sports receivers of this type regarding their elevation
determination. Material and methods: The methodology was based on the Digital Terrain Model of
Poland, a discrete representation of the topographic elevation of the land surface. Three wearable devices
from different years of manufacture were selected for the preliminary study by calculating the Root Mean
Square (RMS), mean elevation error, and Total Elevation Gain (TEG) measures. The testing was conducted
on two sections of varying length and elevation differences. Results: During the first trial, an instrument
from 2019 came closest to the actual elevation (RMS = 7.0 m; mean error =-6.5 m), while during the
second trial, it was an instrument from 2014 (2.5, -1.6 m, respectively). All the receivers overestimated the
TEG factor during both trials. Conclusions: The applied methodology allowed the receivers to be
distinguished. Due to the preliminary, pilot nature of the study, it is subject to certain limitations and
recommendations listed at the end of the article.
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Abstract: Introduction: Sports Global Navigation Satellite Systems’” receivers have been providing
athletes, coaches, and scientists with valuable information on movement for over two decades. As
these receivers are specific measuring instruments, there is a need to determine their accuracy. This
paper presents a relatively simple methodology for assessing sports receivers of this type regarding
their elevation determination. Material and methods: The methodology was based on the Digital
Terrain Model of Poland, a discrete representation of the topographic elevation of the land surface.
Three wearable devices from different years of manufacture were selected for the preliminary study
by calculating the Root Mean Square (RMS), mean elevation error, and Total Elevation Gain (TEG)
measures. The testing was conducted on two sections of varying length and elevation differences.
Results: During the first trial, an instrument from 2019 came closest to the actual elevation
(RMS = 7.0 m; mean error = -6.5 m), while during the second trial, it was an instrument from 2014
(2.5, -1.6 m, respectively). All the receivers overestimated the TEG factor during both trials. Conclu-
sions: The applied methodology allowed the receivers to be distinguished. Due to the preliminary,
pilot nature of the study, it is subject to certain limitations and recommendations listed at the end
of the article.

Keywords: testing methodology, GPS, GLONASS, digital elevation model, DTM, DEM.

1. Introduction

Monitoring distance, time, speed, and other movement parameters has interested
athletes, coaches, and scientists for decades [1], as this knowledge is essential for a valua-
ble training process. For some disciplines, however, this monitoring poses a challenge,
particularly when the competition area is expanding and the athlete is ‘slipping out of
reach’ of measuring instruments.

When the first Global Navigation Satellite System (GNSS), the USA’s NAVSTAR
GPS, was made available to civilian users in the mid-1990s, it became clear that this tech-
nology would also find its use in monitoring physical activity [2]. The abolition of the
deliberate reduction in the system accuracy in May 2000, the progress associated with the
miniaturisation of equipment, the increase in computing capacity, and the launch of three
more GNSSs (Russia’s GLONASS in 2011, Europe’s Galileo in 2016, and China’s BeiDou
in 2020) resulted in a significant increase in the popularity of GNSS receivers. Outdoor
activities in the broadest sense, including sports and tourism, have also become benefi-
ciaries of these receivers. An example of the trends can be observed in the changing sales
profile of the industry’s leading company, Garmin (garmin.com), in which the outdoor/fit-
ness sector accounted for only 15% in 2009, with the last few years showing a steady share
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of over 50% [3]. Currently, the manufacturers of high-quality sports and recreational re-
ceivers usually rely on two systems, most frequently on GPS+GLONASS or GPS+Galileo),
which enables faster determination of position coordinates, more accurate measurements,
and better performance under difficult conditions.

Running is one of the most popular sports in which GNSS receivers are commonly
used. In addition to the social aspect, manifested in comparison with other participants in
the activity, what is important here is mainly the possibility of ongoing control of the level
of commitment and effort based on movement parameters such as pace, distance, and
elevation. The latter component, which is not very important in flat terrain running, is
nevertheless becoming important in mountain running, as it has a key impact not only on
the results achieved but also on the safety of the athletes.

GNSS receivers are specific measuring instruments because they determine geo-
graphical coordinates on the Earth’s surface based on signals received from several navi-
gation satellites located many thousands of kilometres above it, in space (e.g. GPS — ap-
proximately 20,000 km; [4]). The most popular devices, so-called code-based, intended for
the general public and implemented in smartphones, cars, or sports and recreational de-
vices, compute geographic coordinates and elevation based on the time shift between the
codes generated by themselves and those received from satellites. The way the computa-
tions are performed, and the GNSS systems and their satellites are used, varies depending
on manufacturers and models, hence the need to test them to identify the differences and
assess their usability. Due to the geometric considerations, the vertical accuracy of these
instruments is much lower than the horizontal accuracy.

Additional clarification is required to precisely define the ‘elevation’, which, in gen-
eral terms, is the difference between the Earth’s surface (adopted as the mean sea level,
MSL) and a point above it (or, less frequently, below it). A typical sports GNSS receiver
determines, by performing computations, the longitude and latitude as well as the so-
called ellipsoidal height (Fig. 1). This height is the distance between the receiver and the
surface of the rotational ellipsoid, i.e. a virtual surface described by the WGS-84 reference
system. The vast majority of widely available sports and recreational code receivers pro-
vide this exact parameter as the ‘height’. However, since the Earth’s surface is highly var-
iable, an additional theoretical concept of a geoid has been introduced into the field of
Earth sciences, defined as a surface to which the force of gravity is perpendicular. A model
of such a geoid, with high resolution and accuracy, is then used in land surveying, geo-
logical, geophysical and oceanographical works.

H (orthometric height)

N (undulation value)

geoid (approx. MSL)
Earth’s surface ——— " h(ellipsoidal height)

ellipsoid \

Figure 1. The relationship between orthometric height, ellipsoid height and geoid

R

The distance between the receiver and the geoid surface is referred to as the ortho-
metric height. These quantities are described by the formula:
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h=H+N 1)

where: h — ellipsoidal height, H — orthometric height to the geoid; N — undulation value
(the difference between geoid and ellipsoid) [5, 6]. If a GNSS receiver has downloaded (or
is capable thereof) an accurate geoid model for a predetermined longitude and latitude, it
is also capable of providing the user with height in relation to MSL. For a large portion of
popular sports and recreational GNSS receivers, the solution to improving the elevation
determination accuracy is the use of a barometric sensor which either operates automati-
cally (when starting the activity) or is initiated by the user. Certain advanced models also
have the ability to manually calibrate the starting point against the Digital Elevation
Model (DEM) in place, but the type and accuracy of such terrain models, covering large
areas of the world, are not provided by manufacturers. It is, therefore, worth noting that
the reading (estimation) of a single height by a sports and recreational GNSS receiver will
not be identical to the height known from topographic maps. This, however, does not
affect the determination of relative indices. In the field of sports, the simplest indicator
related to elevation is to determine the absolute elevation (Above Sea Level, ASL) or the
relative elevation as the difference between elevations (e.g. between the end point and
start point) or the so-called Elevation Gain (EG; also known as Total Elevation Gain, TEG).

An analysis of different methodologies for testing sports and recreational GNSS re-
ceivers shows that they can be classified into three groups. The simplest way is (1) to test
a particular receiver in motion (or in a set of movement activities) specific to a particular
discipline and then to relate the obtained values to the desired ones (e.g. total distance; [7,
8]). The second, more difficult way is (2) to determine a set of points (reference trajectory)
and then to relate the position coordinate determinations acquired from the tested receiver
to them. This identifies unit errors and presents them as relevant statistics [e.g. 9]. Neither
(1) nor (2), however, provides an answer to the question of how accurate a receiver is
while determining a single position coordinate and elevation. It is only possible when
using the most advanced way of testing receivers (3), in which, for each point of the coor-
dinates determined by the tested receiver, a reference point is established at the same mo-
ment in time and, obviously, in the same coordinate system. This way, however, requires
accurate and precise GNSS receivers as well as the performance of complex computations
[10-13].

This article analyses the determination of elevation by sports GNSS receivers in-
tended for runners, thus complementing the range of the already existing methodologies
to include a relatively simple evaluation methodology using Digital Terrain Models
(DTM) for individual countries which, by feeding Geographic Information Systems (GIS),
enable the performance of complex spatial analyses. These preliminary tests were aimed
at determining the extent to which the adopted methodology, based on the aforemen-
tioned reference surface, would allow sports receivers to be distinguished in terms of de-
termining the elevation parameter.

2. Materials and methods
2.1. Tested receivers

Three wrist-worn Garmin receiver devices (Forerunner 920xt, 935, and 945) were se-
lected. At the time of their introduction to the market (in 2014, 2017 and 2019, respectively)
they were the most advanced Forerunner series models. Each of them uses a barometer
for elevation correction. The 920xt receives GPS and GLONASS signals, while the remain-
ing ones also receive Galileo signals (Tab. 1), and it is worth noting that the user can choose
either a single system (GPS) or GPS+GLONASS or GPS+Galileo setting (for triple-system
receivers). The devices were set for receiving GPS+GLONASS with a recording frequency
of 1/s and placed on the top part of a vehicle (Fig. 2).

Table 1. General specifications and settings of the receivers
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R Release GNSS chipset Barometric Recording fre-  Number of points recorded
date altimeter sensor quency setting Trial #1 Trial #2
920XT 2014 GPS, GLONASS + 1/s 1126 584
935 2017 GPS, GLONASS, GALILEO + 1/s 1126 584
945 2019 GPS, GLONASS, GALILEO + 1/s 1126 584

Figure 2. The installation of sports GNSS receivers during preliminary tests

2.2. Reference surface

The Digital Terrain Model of Poland (DTM, also known as Digital Elevation Model,
DEM) is a discrete (point based) representation of the topographic elevation of the land
surface and is made freely available by the Head Office of Geodesy and Cartography of
Poland (Pol.: GUGIK, www.gov.pl/web/gugik). The database text files contain point ele-
vation values in a regular grid with a 1-metre mesh (ARC/INFO ASCII GRID format). The
mean elevation error for the aforementioned model falls within a range of up to 0.2 m
according to the statement in [14]). This meets the recommendations to which the refer-
ence system should be 10 times better than the accuracy of the device being tested [15].
Data package for both areas (Trial #1 and Trial#2) were downloaded in January 2022 (valid
for the year 2011, latest files).

2.3. Testing protocol

The tests were conducted on two local asphalt roads with an even slope and road
elevations of 47 m (Trial #1, a distance of 0.5 km) and 98 m (Trial #2, 1.3 km). The first of
the distances was covered four times uphill and downbhill (twice with a speed of 7 km/h
uphill, 11 km/h downbhill, and twice at 15/22 km/h), and the second one was covered twice
uphill and downhill with speeds of 27/38 km/h. One-minute breaks were taken between
individual passages, during which the vehicle did not move. Individual trials were se-
lected from among the tracks recorded by the receivers in the GPX format (total of 1710
points of geographical coordinate determinations per receiver).

2.4. Calculation procedure

For each point of the geographic coordinates determined by the test receivers, a
height resulting from the DEM used was determined using the GlobalMapper program
(version 22). Both elevation data sets were then compared in a spreadsheet (Microsoft Ex-
cel) by computing the following measures: root mean square (RMS, associated with a
probability level of 68%), mean elevation error, and total elevation gain (TEG) error. The
latter measure is presented in the following form:

Y7 EGrec X100
Y, EGpseudoref

TEG [%] = ( ) ~100 @)
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where: EGrec - single elevation gain error specified by the tested receiver; EGpseudoref —
single elevation gain error based on DEM for coordinates specified by the tested receiver,
n —number of observations.

In the computations, an offset of 1.6 m was applied (the difference between the
ground surface and the height at which the receivers were mounted on the vehicle).

3. Results

The aim of this part of the study was to determine the extent to which the reliance on
the reference surface applied would allow receivers to be compared. This aim was
achieved, and the obtained results are provided in Table 2.

Table 2. A comparison of the elevation determinations obtained by sports receivers during prelim-
inary tests

. RMS [m] Mean elevation error TEGO
Receiver [m] error [%]
Ist Trial 2nd Trial 1stTrial 2nd Trial 1stTrial 2nd Trial

Garmin Forerunner 920xt 12.9 2.5 -12.9 -1.6 +6.0 +11.1
Garmin Forerunner 935 20.8 19.2 -20.7 -18.6 +13.7 +9.5
Garmin Forerunner 945 7.0 8.2 -6.5 7.3 +9.8 +10.1

ELEVATION [m]

ELEVATION [m]

ELEVATION [m]

n — the number of points of coordinate determinations, providing the basis for computations

FR920, Trial #1 FR920, Trial #2
60 120
50 100
40 80
30
60

20
40

10
0 20

10 0
-20 -20

FR935, Trial #1 FR935, Trial #2
50 120

40 100
30 80
20 60
10 40

0 20

-10 0

20 -20
FR945, Trial #1 FR945, Trial #2

60 120
50 100
40 80

30
60

20
40

10
0 20

10 0
-20 -20

tested receiver reference

Figure. 3. The determination of elevation by the tested receivers (grey lines) in relation to the refer-
ence surface during the two trials (black lines).
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During Trial#1, the best RMS score (7.0 m) was achieved by the latest receiver, the
FR945, which also obtained the lowest mean elevation error value (-6.5), whereas it is
worth noting that all the receivers underestimated the elevation. On the other hand, the
lowest TEG error was noted for the device FR920xt (overestimation by 6.0%). During Trial
#2, the lowest RMS score was achieved by the oldest receiver, the FR920xt (2.5 m), which
also obtained the lowest mean elevation error value (-1.6 m). The TEG error value during
this trial was similar for all three receivers, which overestimated them by 9.5-11.1%.

The characteristics of the recorded elevation readings by the tested receivers during
all the trials are provided in Fig. 3. To improve the readability of the diagrams, the one-
minute breaks described in the ‘Testing protocol’ sections were removed from them.

As can be seen from the course of grey lines, during Trial #1 (elevation difference of
47 m, lower speeds), all wearable receivers underestimated the values, with the FR945
coming closest to the reference surface. On the other hand, in Trial #2 (elevation difference
of 98 m, higher speeds), the FR935 receiver underestimated the values, the FR945 slightly
overestimated them (particularly at the top of the ascent and during the descent), and the
FR920 came close to the reference values.

4. Discussion

The suitability of code-based GNSS receivers for monitoring human movement has
interested researchers for many years. For the most part, these studies determine horizon-
tal accuracy and, less frequently, vertical accuracy. Nevertheless, a review of the literature
reveals such attempts as well. One study [16] analysed tourist receivers using static testing
and related their elevation indications to reference points determined based on a digital
total station and two nearby survey monuments. Another publication [17] documented
the testing of bicycle receivers (TEG measure), and the elevation of the boundary points
(only those two: at the beginning and end of the ascent) was determined based on an
online mapping tool. On the other hand, the focus of Sanchez and Villena’s interest [18]
included GNSS receivers for runners and a smartphone, which were evaluated dynami-
cally while analysing multiple variables. In this case, the local DEM, whose accuracy was
not specified, was used as the reference surface.

The methodology for evaluating the determination of elevation by sports receivers
presented in this article is based on the DTM/DEM of the territory of Poland. It is relatively
easy to implement, as this model is freely available, up-to-date, and individual data pack-
ages can be developed in various programs (e.g. in the freeware QGIS). What is important,
however, is that the national institution making this data available determined its mean
error (0.2 m), which meets the general recommendations as set out, e.g. by the Institute of
Navigation [15]. These assumptions enabled to conducting a dynamic test of three wear-
able GNSS receivers for runners and quantify the accuracy of the altitude component they
determine. As can be concluded from the presented results (Table 2, Fig. 3), during Trial
#1, the FR945 came the closest to the actual elevation (RMS = 7.0 m; mean error = -6.5 m),
while during Trial #2, it was the FR920xt (2.5 and -1.6 m, respectively). On the other hand,
when considering the TEG factor, all the receivers overestimated its total value, with the
lowest error value noted again for the FR920xt receiver. Therefore, the applied methodol-
ogy allowed the receivers to be distinguished and the measures that characterise them to
be identified.

It would appear that as successive GNSSs have reached their full operational capa-
bility and as the systems and electronic devices used for their reception have become more
and more advanced, newer receivers should perform better at determining the position
coordinates and elevation than they did a decade ago. Even though this study does not
unequivocally confirm it, this is true in most cases, particularly when it concerns devices
dedicated to a particular activity or when determining position coordinates is carried out
under difficult conditions (e.g. dense forests cover or deep valleys). On the other hand, it
does happen that the ‘GNSS receiver function” embedded in a device, when it is not its
only primary function, is subject to other limitations (known only to the manufacturer),



Balt ] Health Phys Act. 2024;16(2):Article4. 7 of 9

that affect the accuracy of the position coordinate determination. Such conclusions were
drawn, for example, when examining smartphones, with the older receivers (Samsung
Galaxy S4 and S5) exhibiting a higher accuracy of position coordinate determination than
that of the newer ones, which has been confirmed by both dynamic [19] and static tests
[20].

It is also worth noting that in the latest Forerunner series receivers (FR955 —2022; and
FR965 - 2023) Garmin introduced an innovative technology called Multi-Band, that has a
significant impact on the quality of coordinate position determination. It uses multiple
satellite systems on multiple frequency bands (L1/L5) at once and determines the optimal
GNSS mode depending on the environment. Similar multifrequency-based technology
had only been applied in the first smartphones a few years earlier [21], so it appeared
quite quickly in the Forerunner series. Although the latest Garmin receivers with Multi-
Band have not yet been scientifically tested, it is already known that in the case of
smartphones, the additional L5 carrier frequency has a significant, positive impact on the
accuracy of the position coordinates [22] and expands their area of application [23].

5. Conclusions and recommendations

As for this study, the main aim was to test a methodology. No further conclusions
should be drawn regarding the accuracy of the position coordinate determination by the
tested receivers. While objective values were obtained for individual measures, and the
methodology allowed the receivers to be distinguished, the study itself is subject to certain
limitations due to its preliminary, pilot nature. The first is the relatively small number of
position coordinate and elevation determination points (Trial #1 — 1126, Trial #2 — 584). As
wearable sports and recreational receivers do not offer a recording rate of more than 1/s,
a longer test session is suggested. The second conclusion is that Trial #2 was conducted
on a section of the road that mostly ran through a forest. It is known that the availability
of a direct signal from satellites, rather than a limited or reflected signal, significantly im-
proves the accuracy of GNSS receivers (which has been a subject of research, for example
[24]). Thirdly, due to their ‘running’ nature, the receivers should be tested at speeds com-
parable to the runners’ capabilities. The final comment concerns the receivers themselves:
if the study aimed to determine the accuracy of a particular model, more than one unit
would have to be gathered and tested.

The general recommendations include paying particular attention to receiver settings
(GNSSs, recording frequency, latest firmware, etc.) and selecting reference surfaces
(DTM/DEM) whose accuracy is precisely defined and meets the assumptions of high-
value testing.
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