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ABSTRACT
Moving GNSS towards indoor positioning is an important
challenge. Increases in receiver sensitivity, the forthcom-
ing increase in number of GNSS satellites and signal de-
sign improvements all contribute to addressing this chal-
lenge. Another remaining issue for GNSS-based indoor
positioning is the impact of signal multipath phenomena in
indoor environments. We designed an measurement cam-
paign with the main object to assess the current state of
GNSS as a positioning technology for indoor environments.
In this paper we present the methodology for gathering
and analyzing measurement campaign data and present first
results, assessing GPS positioning performance parame-
ters such as availability and accuracy and reasoning about
environment-inherent performance limiting factors such a
signal fading and multipath phenomena. The basis for this



performance assessment is data gathered in a real-world
indoor environment using state-of-the-art commercial re-
ceiver technology.

1 INTRODUCTION
Applying the visions of ubiquitous computing to a variety
of domains requires positioning with (i) pervasive cover-
age and (ii) independence from local infrastructures. One
example for such domains, apart from the huge field of Lo-
cation Based Servies (LBSs), is coordinated fire fighting,
where it is of vital importance for an operational officer to
know the positions of the fire fighters located inside a burn-
ing building for better coordination and increased safety,
see Angermann et al. (2008). Another domain is herd man-
agement, where positioning of cattle, indoors as well as
outdoors, facilitates faster recognition of illnesses and wel-
fare problems to increase productivity. An initial step to-
wards facilitating the use cases mentioned above is to as-
sess the capabilities of GNSS receiver technology to pro-
vide accurate and reliable indoor positioning in the respec-
tive environments.

Recent campaigns to characterize GNSS signal con-
ditions in indoor environments use a variety of measuring
machinery such as channel sounders, mobile signal gener-
ators and spectrum analyzers and have been prominently
published in the GNSS research literature. In this paper
we present a methodology as well as preliminary results
of a measurement campaign, set up and analyzed so to
characterize indoor signal conditions and positioning per-
formance. The work presented here can therefore be seen
as an effort to add complementary to recent indoor GNSS
signal characterization campaigns, as carried out and pub-
lished e.g., by Teuber et al. (2008a), Watson et al. (2006),
and Kuusniemi and G. Lachapelle (2004).

As a focus of our work lies on the real-world usability
of current GNSS technology for indoor use, we employ in
our measurement campaign foremost commercial receivers
with features, typical for the use cases we focus on, i.e.
enabling positioning and rescue coordination through fire
fighter teams and mobile phone based positioning of per-
sons to be rescued, as well as tracking behavioural and mo-
tion patterns of barn cattle. Also, we focus in our analysis
on parameters critical for the use of positioning technolo-
gies, i.e availability and accuracy. Therefore, the measure-
ment campaign aims to evaluate not only signal conditions
as such, but intends also to evaluate to which extent to-
day’s receiver technology either copes, respectively strug-
gles, with indoor signal conditions.

To determine whether a measurement and analysis
methodology based on commercial receivers can be de-
signed to provide also meaningful insights both in indoor
GNSS signal conditions as well as the capabilities of to-
day’s receiver technology to cope with them, is a final ob-
jective of this paper. Whereas the environments, in which
we are collecting data, include multiple wooden and brick

houses, a tower-block and a modern cattle barn, the scope
of this paper is limited to the exemplary application of our
analysis approach to data gathered in an urban shopping
mall.

The rest of this paper is structured as follows: In Sec-
tion 2 we give a brief introduction and overview of research
in GNSS for indoor usage. In Section 3 we present our pro-
posed methodology based on commercial GNSS receiver
measurements. In Section 4 we present an analysis of our
measurement campaign for the exemplary environment of
a shopping mall. Finally we present conclusions in Section
5 and name items of future work regarding the campaign’s
analysis.

2 INDOOR GPS PRIMER
Current commercial GPS receiver technology make use fore-
most of the signals sent by the GPS satellites for civil-
ian use at the L1 frequency at 1.575 GHz; these signals
are modulated with a Pseudo-Random Noise (PRN) code
unique to each satellite. A GPS receiver tries to acquire
each GPS satellite’s signal by correlating the signal spec-
trum it receives at L1 with a local copy of the satellite’s
PRN code. An acquisition is successful, once the local
copy is in sync with the received signal, which requires
shifting the copy appropriately both in time and in fre-
quency. The latter shift is due to the Doppler effect caused
by the satellite’s and the user’s relative motion. Once a
satellite’s signal has been acquired, the receiver tracks it,
that is, the receiver continuously checks the validity of the
shift parameters above and updates them if necessary.

Each satellite’s signal is modulated not only with its
PRN code but additionally with a navigation message, which
contains almanac data (for easier acquisition of further satel-
lites) as well as its precise ephemeris data, that is the satel-
lite’s predicted trajectory as a function of time, allowing
GPS receivers to estimate the current position of the satel-
lite. Finally, to achieve precise 3D positioning with a stan-
dard GPS receiver via trilateration, the positions of and
distances to at least 4 satellites have to be known; those
distances can be computed from the time shift maintained
while tracking the respective satellites. As a general rule,
the more satellites can be tracked, and the wider they are
spread over the sky as seen by the user, the more precise
the positioning – due to optimization potential and a satel-
lite geometry resulting in less error-prone trilateration, re-
spectively. Note also, that the upcoming Galileo system
is a Global Navigation Satellite Systems(GNSS), like GPS,
and will soon be interoperable with the latter, resulting in
roughly a doubling in GNSS satellites available Misra and
Enge (2006).

Assisted GPS An infrastructureless improvement of GPS
positioning is provided by the concept of Assisted GPS
(AGPS). AGPS provides assisting data to a GPS device via
an additional communication channel e.g. a cellular net-



work. This assisting data may consist of e.g. ephemerides
and atmospheric corrections. Also, a cellular network pro-
vides means for a rough positioning of the GPS enabled
device. AGPS eases satellite acquisition and can therefore
drastically reduce the time-to-first-fix (TTFF) and the ini-
tial positioning imprecision of a receiver in cold start (no
initial information about satellite constellations available):
Essentially, AGPS allows for a hot start (precise epheme-
rides for all satellites available), once the assisting data has
been transmitted. Furthermore, AGPS can improve posi-
tioning accuracy be eliminating systemic error sources, see,
e.g., (Misra and Enge, 2006, Ch. 13.4).

High Sensitivity GPS GPS performance degrades in terms
of both coverage and accuracy when experiencing prob-
lematic signal conditions, e.g. in urban canyons and es-
pecially in indoor environments. The reason for this is
termed signal fading, subsuming two fundamental signal
processing obstacles: First, when GPS signals penetrate
building materials, they are subjected to attenuation, re-
sulting in lower signal-to-noise ratios (S/N). Furthermore,
the signal is subject to multipath phenomena: Reflection
and refraction of the signal also results in multiple echoes
of the line-of-sight (LOS) signal arriving at the receiver.
Low signal-to-noise ratios and multipath handicap both ac-
quiring and tracking GPS signals and usually result in less
reliable positioning due to less suitable satellite geome-
try and individual time shifts measurements being less ac-
curate. High-Sensitivity GPS (HSGPS) Lachapelle et al.
(2004) receivers are specifically designed for difficult sig-
nal conditions, that is to alleviate the above problems. HS-
GPS is claimed to allow tracking for received GPS signal
strengths down to -190 dBW: three orders of magnitude
less than to be expected in open-sky conditions Misra and
Enge (2006). Note, that for acquiring signals at cold start,
a somewhat (around 15dBW) higher signal strength is usu-
ally necessary, as during acquisition reliable time and fre-
quency shifts of the signal have not to be only maintained,
but instead searched for in a wide spectrum.

Empirical Studies on Indoor GNSS In the GNSS com-
munity indoor positioning and indoor signal condition anal-
ysis is being actively investigated, for recent prominent ref-
erences see, e.g. Kuusniemi and G. Lachapelle (2004),
M.Paonni et al. (2008), Teuber et al. (2008a) and references
therein. Specifically, Teuber et al. (2008a) establish mea-
sures for signal quality and establish dependencies for both
signal strength and quality with respect to in-building posi-
tion parameters such as distance and angle to nearest walls,
windows and doors. Other contributions evaluate proposed
receiver technologies specifically tailored for indoor envi-
ronments such as HSGPS, see Watson et al. (2006), or for
a textbook introduction (van Diggelen, 2009, Ch. 6). This
paper tries to add to the aforementioned studies but from
an application-oriented angle, assessing indoor positioning

quality parameters using commercial receiver equipment.

3 MEASUREMENT CAMPAIGN AND ANALYSIS
METHODOLOGY

In the following, we describe the measurement equipment
used, the methodology regarding measurement procedures
and choosing measurement locations, as well as the method-
ology for processing the obtained measurement data.

3.1 Receiver Equipment Employed

Designing the campaign, we were aware that traditionally,
dedicated measuring equipment as well as specific software-
defined receiver technology is used for measuring and analysing
the strength and quality parameters of GPS signals at re-
ceiver location. Since we were most interested in how the
various indoor environments impact the the performance
measures of widely used and commercially obtainable GPS
receivers, another objective of this measurement campaign
became to evaluate, how well and to which extent ”black-
box” commercial receivers and the data output they offer
can be used for the purpose of GPS signal condition analy-
sis. Note, that this way of signal condition analysis will nat-
urally focus on the signal conditions which are still prob-
lematic for the receivers used, as opposed to signal condi-
tions, the receivers used can cope with flawlessly.

Throughout our campaign, we employed a U-blox
LEA-5H Evaluation Kit and a SirFStar III BU-353 USB
GPS receiver as examples of dedicated receivers, and a
Nokia N95 8GB as an example for a currently used in-
phone GPS receiver system. As the overall performance
measures of the receivers within each class did not differ
very significantly from each other, we will focus our analy-
sis within this paper on measurements obtained by only one
receiver of each class, i.e. the U-blox receiver exemplary
for state-of-the-art dedicated receivers, among which the
U-blox evaluation kit slightly outperformed the SiRF USB
receiver, and the GPS system of the Nokia N95, which is
driven by Texas Instruments’ NaviLink 4.0 GPS5300 chip,
as an example for a currently used in-phone receiver sys-
tem.

The U-blox receiver is specified to have a -190dBW (-
175dBW) threshold for tracking (respectively, acquisition)
and was connected to a U-blox ANN-MS patch antenna,
providing 27dB gain and showing a 1.5dB noise figure.
Note also, that the better performance of the U-blox re-
ceiver compared to the SiRF receiver may well be solely
constituted by the usage of the high-gain external patch
antenna. Indications for this are provided by the largely
reduced performance of the U-blox receiver in additional
experiments where we used a patch antenna providing less
gain than the U-blox antenna. To obtain A-GPS assistance
data, see van Diggelen (2009), we connected the U-blox
receiver to Nokia N95 8GB phone.



3.2 Data Collection Procedures

During our initial campaign, we focused on static measure-
ments at a number of locations per building, partially in
order to eliminate effects from the receiver’s recent his-
tory of measurements. Consequently, we also reset the re-
ceivers prior to each measurement, therefore eliminating
the effects of, e.g. Kalman filtering techniques, see Brown
and Hwang (1997). To focus on and to fairly compare sig-
nal conditions at individual indoor locations, we also de-
cided against an on-person receiver setup. Instead, each
of the GPS enabled devices was mounted to the seat of a
light-weight wooden chair, spaced 20 cm apart from the
other receiver devices to remove the chance of any near-
field interference. Note though, that the measurements car-
ried out within the shopping mall were conducted during
business hours, providing realistic pedestrian traffic condi-
tions, see also Sokolova and Forssell (2007) for the impact
of pedestrian traffic on GPS performance. The chair was
then placed at the measurement locations chosen and we
collected the measurements, the analysis of which will be
presented in the following section, using the following pro-
cedure:

After initializing the programs for logging GPS data
at 1 Hz, we “hot started” the Nokia and the U-blox re-
ceivers. Note, that by hot start we refer to a initialization
using A-GPS data. If the hot start of the U-blox receiver
was successful, i.e., if it within 10 minutes produced a po-
sition fix, we subsequently logged the U-blox receivers’
NMEA formatted data for 5 minutes; then we repeated
as above, but this time cold starting the receivers without
AGPS. In case the hot start of the U-blox was not success-
ful, we produced a successful hot start at a nearby location
and walked back to the measurement location. If the re-
ceiver still produced position fixes upon arrival, we logged
the receivers’ data for 5 minutes.

3.3 Choosing Measurement Locations

With respect to choosing the specific measurement loca-
tions within each building considered in our measurement
campaign, we decided against an approach where measure-
ment locations are chosen so to reflect certain environmen-
tal conditions associated with specific GPS signal reception
conditions. Such an approach is often chosen to validate or
invalidate specific hypotheses. For this campaign, we in-
stead selected measurement locations according to a “grid
approach”, where feasible: We overlayed the buildings’ in-
dividual floor plans with a regular grid, choosing measure-
ment locations as the centers of the grid cells, where ever
these centers fall within the respective building. The main
motivation for choosing this approach at the beginning of
our campaign was to avoid introducing an a-priori bias in
our analysis by choosing measurement locations according
to how well they fit hypotheses we would like to test.

3.4 Interpreting Collected NMEA Data

Like most commercial dedicated GPS receivers, The U-
blox LEA-5 provides data output in accordance with the
NMEA protocol specification, version 0.183, issued by the
National Marine Electronic Association. NMEA-formatted
time and position data in 3 dimensions with respect to the
WGS84 coordinate system is output by the U-blox receiver
at 1 Hz. Furthermore, the NMEA data contains and addi-
tional information about local geoids for sea-level height
correction, and information about the satellites in view and
being tracked: In particular, for each tracked satellite, the
Signal-to-Noise-ratio (SNR), as observed by the receiver,
is output. Given static environmental conditions and an es-
timate of the gain provided by the receiver chain, the SNR
values translate into proper estimates of signal strength at
the receiver’s location, see (van Diggelen, 2009, Ch. 6).
Furthermore, the NMEA format includes fields for the pseu-
dorange residual error for each tracked satellite with re-
spect to the current positioning solution of the receiver.

Interpretation of such data sent by a GPS receiver in
NMEA format demands the careful resolving or at least
taking into account of potential ambiguities inherent in the
NMEA specification. First of all, the position solutions re-
ported might be averaged over time or altered using, e.g.,
Kalman-filtering techniques as mentioned above. We car-
ried out a receiver reset before each measurement to limit
the effects of such techniques. Similarly, the pseudorange
residuals output might potentially have been subjected to
carrier-smoothing, see, e.g., (Misra and Enge, 2006, Ch.
7). Also, the residuals might potentially be given with re-
spect not to the position reported, since the latter might de-
viate from the current positioning solution to incorporate
recent positioning history information. The NMEA proto-
col, though, reserves a flag to indicate whether residuals
were recomputed with respect to the last position reported
in the NMEA output. This flag is set in the positive sense
in the U-blox’s NMEA output, and also our investigations
based on collected data indicate that the residuals indeed
refer to the most recently reported position output.

As one our objectives was to visualize and analyze
the effect of multipath phenomena in indoor environments,
we aimed to translate the residuals given in the NMEA out-
put, which refer to the position estimate of the receiver, into
residuals w.r.t. ground truth, that is, with respect to the ac-
tual position of the receiver. Having surveyed ground truth
positions, e.g. by means of satellite imagery, building floor
plans and laser ranging, the pseudorange residuals with re-
spect to ground truth can be computed as follows:

For both the ground truth or the receiver’s position es-
timate, the angle to a respective satellite can be computed
using orbital data; as the GPS position errors are very small
compared to the distance to the satellite in question, the an-
gles to the satellites from ground truth and estimated posi-
tion will be virtually identical for the purpose of translating
pseudorange residuals between the two locations. There-



fore, the desired pseudorange residual rg with respect to
ground truth g can be obtained by offsetting the residual
rm reported by the receiver by the signed length of the pro-
jection of the vector gm between the two locations m and
g along the beam from the satellite sv to the ground truth
position g, as sketched below.

g
m sv{rm

rg

{gm

Another disclaimer is to be made about interpreting
the computed pseudorange residual errors as being dom-
inated by the multipath patterns, which we would like to
analyse for the measurement environments investigated: The
GPS error budget contains additional to multipath-induced
errors atmospheric and orbital errors, see, e.g. Misra and
Enge (2006). For the analysis shown here, we only used the
broadcasted ephemerides data, not yet accounting for the
imprecision compared to precise orbital calculations. The
tropospheric and ionospheric errors, see Klobuchar (1991),
are handled by the U-blox receiver using the standard cal-
culations derived from the Klobuchar model and suggested
in the current Navstar GPS interface specification IS-GPS-
200D Nav (2004). More precise ionospheric corrections,
delivered by employing a set of reference stations, can be
obtained by using Satellite Based Augmentation Systems
(SBASs) such as WAAS or EGNOS, see Ventura-Traveset
and Flament (2006). We undertook measurements with the
U-blox both with and without EGNOS support enabled.
Our results concur with the common assumption that pseu-
dorange errors indoors are usually dominated by environ-
mental factors, .i.e. multipath and signal fading phenom-
ena, see, e.g. (van Diggelen, 2009, Ch. 6). Furthermore,
the same is true also for the positioning errors, especially
since the atmospheric errors in the pseudoranges tend to
cancel each other out partially, provided a reasonably good
constellation of tracked satellites, indicated by low DOP
values. Given the dominating environmental error sources
observable in our measurements, we chose to focus in our
analysis on the measurements obtained without additional
EGNOS support for the sake of the receiver computations
being more transparent and the respective results being eas-
ier to reverse engineer.

4 EXEMPLARY ANALYSIS FOR A MALL
ENVIRONMENT

In the following, we describe in detail observed receiver
performance and signal conditions for a specific environ-
ment in the way of a per-case analysis. The purpose of this
chapter is two-fold. Firstly, it introduces general analysis
tools and central hypotheses regarding indoor GPS recep-
tion. Secondly, it serves as a proof-of-concept with respect
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Figure 1. Skyplot for a 5 minute measurement period plotting for
each satellite tracked its orbit augmented by SNR value
and pseudorange error as observed by the receiver.

to two objectives. First, to give evidence that signal condi-
tions even in a building as constructionally heterogeneous
as the chosen shopping mall can be checked — using just
commercial receiver equipment and appropriate visualiza-
tion — for compliance with general assumptions made in
the literature; and finally, that an individual case analysis
such as the following could pinpoint areas problematic with
respect to GPS reception and suggest constructural reasons
for poor GPS receptions.

The residential area shopping mall, we chose as a
measurement site, covers around 50.000 square meters on
three floors, which are separated by layers of steel-reinforced
concrete. The lower floor is used for parking, the middle
floor contains around 65 shops and the top floor contains
a few shops, some administration offices and an outdoor
parking area. We focused primarily on the middle floor
where we have collected measurements in a 20m×20m grid
as shown on the building map of the floor in Figure 2.

4.1 Visual Analysis Tools
The static measurement procedure described above allows
us to determine for each center point of the chosen grid
overlaying the mall’s floor plans, whether the U-blox re-
ceiver can perform a successful hot start, indicated in Fig-
ure 2 as a yellow dot, or even a successful cold start, in-
dicated as a blue dot. In case of either a successful cold
or hot start or a successful tracking starting at a nearby lo-
cation, the grid point is marked with a green dot; for grid
points with several dots in Figure 2, the yellow dot indi-
cates the actual measurement location. The measurement
locations where neither hot or cold starts nor tracking was



Figure 2. U-blox acquisition and tracking results at measurement locations on a regular grid; produced GPS position fixes are shown in grey.

successful are marked as blocked (red). The main factor
in understanding why we could get fixes at a specific grid
point, or more generally, understanding the local reception
conditions, is the building structure and elements. There-
fore, we have overlaid Figure 2 with information about
the different building elements that are the main reasons
for explaining the receiver performance. More specifically,
buildings schematics for both the mall’s main as well as
its top floor, including the outdoor parking lot, are shown,
to illustrate the building’s properties with respect to signal
reception through the ceiling of the main floor, on which
the measurements depicted in Figure 2 were taken. For a
schematic of solely the main floor of the mall, refer to Fig-
ure 3. We will refer to individual measurement locations
by their two-dimensional indices (x,y) with respect to the
horizontal followed by the vertical numbering in the plot.

Furthermore, Figure 3 shows for each location a sky-
plot depicting the location of the satellites, tracked by the
receiver during the respective hot start measurement pe-
riod, or during the respective tracking measurement period,
in case a hot start at the respective location was not success-
full. Exemplary, an enlarged skyplot for an additional mea-
surement undertaken at location (4,3) is shown in Figure
1. As usual, the 3 concentric circles in each plot represent
0, 30 ,and 60 degrees elevation, respectively. In the indi-
vidual skyplots, each GPS satellite is identified by the id
of the PRN code, it is sending. The individual positions

over time of each shown satellite are depicted as “+” signs,
where the color of the symbol indicates its Signal-to-Noise
ratio, as experienced at measurement location and accord-
ing to the color scale given in the figure. A green arrow
trailing the orbit pattern of a satellite signals its direction of
movement. Pseudorange errors for each satellite and each
individual time instance of reception during the measure-
ment period are then depicted according to the scale in the
lower right part of the figure in blue and perpendicular to
the respective satellite’s direction of movement.

4.2 Per-case GPS Performance Analysis
Availability As shown in Figure 2, the U-blox receiver
produced position fixes at 19 out of the 24 grid points. At
13 of the 24 grid points the U-blox receiver could acquire
the signals to produce a position fix from a hot start and at
10 of these also cold starts could be performed successfully.
At 6 grid points it was only possible to produce position
fixes while tracking the signals and only in 5 grid points the
U-blox device was not at all able to produce any position
fixes.

The results shown in Figure 2 yield that the grid points
where both a cold and a hot start could be performed are
only covered by a single roof (with the exception of grid
point (7,3)). These locations also experience on average
significantly higher SNR values for satellites with high el-
evations, as can be seen in Figure 3.
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Figure 3. Measurement locations overlayed with skyplots showing SNR and pseudorange error, as observed by the U-blox receiver.

At grid locations which are covered both by the sep-
aration to the top floor shops and offices area and the top
floor roof, the signal could at least be tracked at all points.
At the grid points (4,3) and (5,3) a hot start could also be
performed which is most likely due to the closeness to the
glass atrium covering all three floors. This hypothesis is
supported by the relatively high SNR values experienced at
these two locations (as compared to the other measurement
locations below a heavy roof structure). Furthermore, the
strong signals received yield exceptionally large pseudor-
ange errors, likely being the effect of multipath phenom-
ena. More specifically, the large errors seem due to the
reception of signal echos received through the atrium and
reflected by the mall’s inner building elements.

At the grid point (1,4) a hot start could be performed
but not a cold start even though it is located in a glass
atrium. This might be due to the use of tinted glass which
can attenuate high frequency signals far more than ordi-
nary glass or even brick or concrete wall, see Teuber et al.

(2008b). This is consistent with the SNR values experi-
enced at location (1,4) are low compared to most locations
covered by even more building elements.

Furthermore, 11 of the grid points are covered by the
top floor parking lot. Here, the separation to the middle
floor consists of layers of steel-reinforced concrete, sand
and flagstones. All 5 “blocked” grid points fall into this
area, implying GPS reception is difficult. Note also, that
measurements in the lower floor revealed that position fixes
in the parking lot basement were only possible near exits
and near the atriums that spanned all floors.

Time to First Fix In particular indoors, where acquisi-
tion of weaker and refracted signals is necessary, time-to-
first-fix (TTFF) is for many use-cases a crucial paramater
and therefore a useful figure for assessing and comparing
GPS receiver performance. Figure 4 plots TTFF in sec-
onds for the N95 8GB and the U-blox receivers for cold
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Figure 4. Time to first fix for N95 and U-blox hot and cold starts

and hot starts. For the mobile phone devices we conducted
only hot starts, since a cold start is an unlikely scenario,
as AGPS data can be fetched over the cellular network in
a few seconds. At most of the grid locations the U-blox
shows a fast hot acquisition of less than ten seconds except
at apparently more difficult locations (4,3) and (5,3). As
expected, the cold starts take longer, around 60 seconds on
average, with some faster at half a minute and some slower.
In comparison, for outdoor use the technical specification
of the U-blox receiver states that hot starts take less than
one second and cold starts take about 29 seconds. Figure 4
also includes our results for the N95. It produced success-
ful hot starts in 11 grid points, albeit, taking usually more
than a minute to do so. To complete the N95 results, the
device was able to track but unable to acquire at 3 points
((3,1), (5,1) , (7,2) in Figure 2).

Accuracy Figure 5 depicts four representative error dis-
tributions for measurements conducted in the mall and one
on its roof for reference. For point (4,4), error distributions
for both hot and cold start are included. As expected, the
hot start is more precise, since more satellites can be ac-
quired at an early point in time. The occasional ”jumps”
in the hot start error distributions in Figure 5 can be ex-
plained by loss or (re-)acquisition of satellite signals. The
cold starts exhibit fewer jumps just because the total num-
ber of acquired satellites are lower, hence fewer losses and
acquisitions occur. Comparing the distribution’s errors at
a median confidence level, at grid point (4,4) the hot start
has, as expected, a significantly lower error of 6.3 meters
than the corresponding cold start (11.4 meters). From a hot
start at point (4,2) we are experiencing a higher and more
biased error of 15.7 meters which seems due to stronger
multipath, which is visible in the large pseudorange errors
visible in Figure 3 in comparison to (4,4). These are most
likely caused by echos of the signal as received through
the atrium glass roof, and may even be stronger than the
received line-of-sight signals. At the least, the large errors
indicate that the echos do not allow a precise tracking of the

correlation peak associated with the line-of-sight version of
the signal. Note also, that predictably such an effect is not
visible and the pseudorange error is small, in case a satel-
lite is received in direct line of sight through the atrium, as
is, e.g., PRN 23 as received from location (5,3). The effect
of such pseudorange errors on GPS positioning solutions
can be observed in Figure 2 for location (5,3), for which
most position fixes deviate from the true location towards
the left.

Even though point (4,1) lies under the parking lot,
the receiver still produces position fixes. The error expe-
rienced, though, varies largely over time, since as signals
are lost temporarily, the satellites still being tracked dis-
play a geometry unfortunate for positioning. We have also
computed the median confidence level accuracy of a distri-
bution built from the errors from all the grid points for hot
start, cold start and tracking, respectively. For hot start the
aggregated error is 9.7 meters, for cold start 12.9 meters
and 13.9 meters for tracking. The lower accuracy at cold
as compared to hot starts is mostly due to the usually small
number of satellite ephemerides known at a successful cold
start which results in poor DOP values. Note, though, that
the accuracy after cold starts usually converges over time
to the one after hot starts as more and more parts of the al-
manach are decoded and ephemerides data can be aquired
from the individual satellites. Finally, the aggregated error
for tracking is higher than the aggregated error for the cases
of successfull hot starts, since errors for the tracking cases
were only measured at locations too problematic to even
obtain a position fix 5 minutes after a hot start.
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Figure 5. Exemplary 2D position error distributions

Impact of Satellite Constellations and Reliability The
measurements presented and analyzed above are impacted
by the satellite constellation, apparent during the respective
measurement periods. For the data logged, we have cal-
culated as a reliability measure the percentage of produced



(as compared to potential) position fixes. For the logged U-
blox and N95 data the static reliability measure is 100 per-
cent for all grid points with three exceptions for the U-blox
and five exceptions for the N95 where the reliability went
as low as twelve percent. So in the major part of the grid
points the GPS receivers were able to continue tracking the
signals during the evaluated five minutes. To test signal
conditions and receiver performance over long periods we
also logged data using an U-blox receiver for 24 hours, as
shown for one of the shops on the top floor in Figure 6. The
Figure shows over a 24 hour period the number of satellites
used for positioning by the GPS receiver and the error as
the 2D deviation of the position fixes from ground truth as
surveyed by the authors. Whereas fluctuations in the avail-
ability of individual satellites naturally occur over time, the
total number of tracked satellites does only fluctuate be-
tween 7 and 12 and never gets close to the critical thresh-
old of only 4 trackable satellites. More specifically, in the
figure the 12 hour periodic pattern in the number of visible
satellites is visible, which is due to the roughly 2 complete
orbits undertaken by each GPS satellite, which gives the
same constellation approximately every 12 hours. Corre-
lated with the occasional decrease of the number of tracked
satellites, is an increase of the positioning error. Averag-
ing of the positioning error over our standard measurement
periods of 5 minutes, though, reveals a level of accuracy,
relatively independent of the current GPS satellite constel-
lation. The figure also shows, that the reliability for the
static receiver position is around 100 percent as the posi-
tion data is continuously delivered during the 24 hours.

We also reran the measurements at locations shown in
Figure 2 at times where the GPS satellite constellation was
significantly different from the ones visible in the skyplots
in Figure 3. As for availability, the respective results con-
cured with the ones shown in Figure 2. Differences in pseu-
dorange errors and position accuracy, though, were visible,
especially for the indoor locations like (4,3), where accu-
racy was likely to be impaired by strong multipath echos,
depending on the current satellite constellation. Figure 1,
depicting a skyplot for an additional 5 minute measurement
at location (4,3), shows one of the most pronounced cases
of deviations from the measurements given in Figure 3, as
the resulting median level positioning error for this second
measurement was almost twice as large as the one calcu-
lated for the original one.

5 CONCLUSIONS AND OUTLOOK
From our measurement campaign analysis carried out so
far we can conclude that GPS can provide positioning even
inside building parts covered with up to two layers of steel-
reinforced concrete: Tracking of signals was possible –
contrary to previous assumptions – at most indoor positions
within shopping mall investigated in details. In case, signal
(re-)acquisition becomes necessary, e.g., due to lost GPS
signal reception, the dedicated GPS receiver used were able

 0

 10

 20

 30

 40

 50

 60

12 18 24 6
 4

 5

 6

 7

 8

 9

 10

 11

 12

 13

E
rr

or
 [

m
et

er
s]

Sa
te

lli
te

s

Time [hours]

Satellites
Accuracy

Figure 6. 2D position error and number of tracked satellites over
24 hours

to produce new position fixes within the next minutes, at
least at hot start. If the user’s surroundings provide less
heavy layering such as a single roof or a closeness to win-
dows, even cold starts, not assisted by AGPS, are likely to
succeed. The position errors experienced depend on the
building structure close to the receiver’s current position,
but can be expected to not exceed 14 meters at median con-
fidence level even for difficult locations within the chosen
malls.

Especially when multiple walls or floors have to be
penetrated, high-sensitivity receiver technology as well as
the assistance data provided externally through some A-
GPS service is crucial to achieve some measure of avail-
ability of a GNSS-based positioning service van Digge-
len (2009). If either the assistance data or modern high-
sensitivity receiver capabilities are missing, both availabil-
ity and accuracy diminish greatly, as our measurements un-
dertaken with the U-blox in non-assisted mode and with the
low-cost Nokia N95 in-phone receiver system indicate. If,
though, both of the features mentioned above are provided,
our results indicate, that in indoor environments such as
the shopping mall investigated in detail, availability is good
and the remaining issue becomes inaccuracy. Furthermore,
consistent with observed proper availability, both the in-
dividual signal strengths of the tracked satellites and the
observed constellation geometries observed were often fa-
vourable, so that for a variety of measurement sites inves-
tigated, signal fading and, more so, multipath phenomena
seemed to be the main inaccuracy source not fully dealt
with at the receiver level. This result is somewhat contrary
to the seemingly common believe, that the weakness of the
received signals alone is by far the largest obstacle for any
GNSS positioning in an indoor environment, the availabil-
ity was surprisingly good for most of our measurement lo-
cations.

For the application scenario of positioning fire fight-
ers located inside a burning building, these results indicate



that for shopping mall-size buildings GPS positioning can
be used in most areas to tell the operating officer in which
parts of the shopping mall his people are located. The cur-
rent GPS accuracy indoors might, though, not always be
good enough for detailed coordination between fire fight-
ers. Preliminary comparative analysis with measurements
carried out in a barn, indicates that for cattle tracking the
GPS can be used to track the animals indoors with an even
higher accuracy than what was experienced in the shopping
mall.

Future Work The line of work presented in this paper
gives naturally raise to further items of research. First of
all, the campaign analysis has to be extended to more en-
vironments and we are currently in the process of doing so
for wooden and brick houses, a school building, a tower-
block and a modern cattle barn. The results obtained in the
indiviudal measurements are to be compared to get further
insights how to deduct the level of indoor GPS performance
from general constructional properties of buildings.

Furthermore, in-building position parameters like dis-
tance and angle to the closest wall, window or room corner
have been shown by Teuber et al. (2008a) to affect signal
strength and quality as measured at the receiver position.
Whereas such dependencies were found and formulated by
the Teuber et al. using data gathered on a single floor of an
office building, a validation of such dependencies in other
real-world indoor environments is yet to be done. Further-
more, given the nature of the methodology described here,
we are currently investigating, whether such or similar de-
pendencies can be established for not only the signal condi-
tions as observed from a single satellite, but for the overall
position accuracy, as obtained from a complete and varying
observed satellite constellation.

The data presented here and obtained inside a shop-
ping mall exhibits only either loose or non-trivial depen-
dencies between in-building position properties as men-
tioned above and figures such as positioning precision and
(even less) positioning accuracy. Therefore, to establish
and test the aforementioned as well as additional depen-
dency hypotheses, the utilization of both fuzzy logic, as
suggested by Teuber et al. (2008a), as well as techniques
from the field of machine learning, might prove helpful.
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