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Frequency transformed radiomap data set

FIELD OF THE DISCLOSURE

The invention relates to the field of radiomap based positioning,

BACKGROUND

Modern global cellular and non-cellular positioning technologies are based on generating large global
databases containing information on cellular and non-cellular communication network nodes, e.g. cellu-
lar radio network base stations (BSs) or non-cellular radio network, ¢.g. WLAN, access points (APs),
and their signals. The information may originate entirely or partially from users of these positioning

technologies acting as data collectors.

The data provided by these data collectors, generally mobile terminals, is typically in the form of "fin-
gerprints”, which contain a location information, e.g. obtained based on received satellite signals of a

global navigation satellite system (GNSS), and radio measurement values, i.e. measurements of radio

parameters. In addition, a fingerprint may comprise communication network node identification infor-
mation identifying a node that is observed by the collector and being associated with the radio meas-

urement values pertaining to that node.

This data may then be transferred to a server or cloud, where the data (usually of a multitude of users)
may be collected and where a radiomap for positioning purposes may be generated (or updated) based

on the data.

In the end, this radiomap may be used for estimating a position, e.g. the position of a mobile terminal.
This may function in two modes. The first mode is the terminal-assisted mode, in which the mobile
terminal performs the measurements of radio parameters to obtain radio measurement values via a cel-
lular and/or non-cellular air interface, provides the measurements to a remote server, which in turn,
based on the radiomap, determines and provides the position estimate back to the mobile terminal. The
second mode is the terminal-based mode, in which the mobile terminal has a local copy of the radiomap
(or only a subset of a global radiomap), e.g. downloaded by the mobile terminal from a remote server or

pre-installed in the mobile terminal.
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The actual position estimate may then be obtained based on the radiomap or parts thereof by obtaining
identification information of nodes that are observed at the respective position and/or obtaining radio

measurement values at that position.

Based on the radiomap or parts thereof, properties of a respective node may be modeled. The model
may then be used for position estimation. For instance, the coverage area of nodes may be modeled. For
cach node that is observed at the respective position, the modeled coverage area may be considered and
the position estimate may then be the center of the area of intersection of the coverage area models of
all observed nodes. As an alternative to coverage area models (or as an addition allowing more accurate
position estimation), also radio channel models (aka radio propagation models) for communication
network nodes may serve as a basis for determining a position based on, for instance, a received signal
strength and/or a path loss measured at the respective position. A radio channel model may for instance
describe how the power of a signal emitted by a communication network node decays with increasing
distance from the communication network, for instance under consideration of further parameters as for
nstance the radio transmission frequency. Now, if radio channel model information is available for an
identified communication network node, for instance if a strength of a signal from this communication
network node as received at the respective position (or, as another example, the path loss experienced
by this signal) has been measured at that position, an estimate of the distance towards the communica-
tion network node can be determined and exploited (e.g. among further information) to determine a

position estimate.

SUMMARY OF SOME EXAMPLE EMBODIMENTS OF THE INVENTION

Nowadays, even in comparatively small areas, in particular in urban/suburban regions, a very high
number of communication network nodes exist. Storing even only radiomap information for some of
these nodes may therefore already require significant storages capacities. Likewise, transferring radio-
map information to a mobile terminal for position estimation in the terminal consumes a lot of server
resources, network bandwidth and data over air, in turn resulting in high costs for the user of the mobile

terminal.

According to a first aspect of the present invention, a method performed by an apparatus is disclosed,
the method comprising obtaining a frequency transformed radiomap data set by applying a discrete

frequency transform to an original radiomap data set.
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According to a second aspect of the present invention, a method performed by an apparatus is dis-
closed, the method comprising obtaining a reconstructed radiomap data set by applying an inverse dis-

crete frequency transform to a frequency transformed radiomap data set.

The method according to the second aspect of the invention may further comprise determining a posi-

tion of a mobile terminal based on the reconstructed radiomap data set.

For each aspect of the invention, further a first apparatus is disclosed, which is configured to realize or
comprises respective means for realizing the actions of the method according to the first aspect and/or
second aspect of the invention (and any of its embodiments described herein). The means of this appa-
ratus can be implemented in hardware and/or software. They may comprise for instance a processor,
¢.g. for executing computer program code for realizing the required functions, a memory storing the
program code, or both. Alternatively, they could comprise for instance circuitry that is designed to real-

ize the required functions, for instance implemented in a chipset or a chip, like an integrated circuit.

For each aspect of the invention, further a second apparatus is disclosed, which comprises at least one
processor and at least one memory including computer program code, the at least one memory and the
computer program code configured to, with the at least one processor, cause an apparatus at least to
perform the actions of the method according to the first and/or second aspect of the invention (and any
of its embodiments described herein). The apparatus may comprise only the indicated components or
one or more additional components. It may be a module or a component for a device, for example a
chip. Alternatively, it may be a device, for instance a server or a mobile terminal. Any of the described
apparatuses may for instance at least comprise a user interface, a communication interface and/or an

antenna.

For each aspect of the invention, further a non-transitory (e.g. tangible) computer readable storage me-
dium is described, in which computer program code is stored, which causes an apparatus to realize the
actions of the method according to the first and/or second aspect of the invention (and any of its embod-
iments described herein) when executed by a processor. The computer readable storage medium could
for example be a disk or a memory or the like. The computer program code could be stored in the com-
puter readable storage medium in the form of instructions encoding the computer-readable storage me-
dium. The computer readable storage medium may be intended for taking part in the operation of a
device, like an internal or external hard disk of a computer, or be intended for distribution of the pro-

gram code, like an optical disc.
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It is to be understood that also the computer program code by itself has to be considered an embodiment

of the invention.

Any of the described apparatuses may comprise only the indicated components or one or more addi-
tional components. Any of the described apparatuses may be a module or a component for a device, for
example a chip. Alternatively, any of the described apparatuses may be a device, for instance a server
or a mobile terminal, or form part thereof. Examples of such mobile terminals include mobile phones,
personal digital assistants (PDAs), mobile computers, ¢.g. laptops, notebooks or tablet computers, digi-
tal music players etc. Any of the described apparatuses may for instance at least comprise a user inter-

face, a communication interface and/or an antenna.

In the following, some explanations of embodiments of the invention are given. For reasons of concise-
ness, focus is put on the method according to the first aspect of the invention. The given explanations
however correspondingly apply to the first apparatus, the second apparatus, the non-transitory comput-
er readable storage medium and the computer program code according to the first aspect of the inven-

tion.

The explanations given regarding the fist aspect also pertain to the second aspect of the invention where
applicable, including the method according the second aspect of the invention. In particular the explana-
tions regarding the original RMDS and the frequency transformed RMDS given in the context of the
first aspect of the invention equally apply to the second aspect of the invention, since the reconstructed
RMDS is obtained from the frequency transformed RMDS and the frequency transformed RMDS is
obtained from the original RMDS.

It is to be understood that the presentation of embodiments of the invention in this section is merely

exemplary and non-limiting.

As an acronym for “radiomap data set”, RMDS is used in the following.

By applying a discrete frequency transform to an original RMDS, a frequency transformed RMDS is
obtained. The original RMDS is likely to exhibit spatial correlations of at least some of it radio meas-
urement values, i.e. values of measured radio parameters. In particular, radio measurement values as-
sociated with nearby locations, e.g. measured or computed for nearby locations, are often strongly cor-
related. This property of the original RMDS may be exploited. By means of applying a discrete fre-
quency transformation to the original RMDS, a decorrelated representation of the original RMDS in the

form of the frequency transformed RMDS may be obtained. Comparatively few transform coefficients
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obtained by applying the discrete frequency transform to the original RMDS may then suffice for rep-
resenting the frequency transformed RMDS so that a reconstructed, i.e. inversely transformed, RMDS
is still quite true to the original RMDS. The wider the main slope of the autocorrelation function of the
original RMDS is, the more may the original RMDS be compressed without loosing essential infor-
mation. Due to the achieved compression, less storage capacity may be required for storing the frequen-
cy transformed RMDS. Likewise transferring the frequency transformed RMDS, e.g. to a mobile ter-
minal, for position estimation may consume less network bandwidth and data over air, in turn resulting
in reduced costs for the user. Because of the reduced storage capacity requirements, the frequency
transformed RMDS may even be stored in a mobile terminal for which position estimation is to be per-
formed but which has very limited storage capacities. Consequently, estimating a position of the mobile
terminal based on the frequency transformed RMDS may be performed offline, i.e. when the mobile

terminal has no access to an external data storage on which the frequency transformed RMDS is stored.

In the context of the invention, the original RMDS (and thus also a reconstructed RMDS obtained from
the frequency transformed RMDS by means of applying an inverse discrete frequency transform) may
comprise radio measurement values, associated location information and associated node identification
information identifying a communication network node associated with the radio measurement values or
a cell associated with the radio measurement values. A radio measurement value together with its asso-
ciated location information and its associated node identification information is often referred to as a
“fingerprint”. An RMDS may thus be thought of as a collection of fingerprints. The frequency trans-
formed RMDS may then comprise a representation of the collection of fingerprints in the frequency

domain.

The radio measurement values of an original RMDS (and likewise of a reconstructed RMDS) together
with their associated locations may be considered as forming a radio image (each radio measurement
corresponding to intensity information of a pixel and the associated location information corresponding
to the location of that pixel). Thinking of the radio measurement values and the location information of
an RMDS as forming a radio image makes clear, that discrete frequency transforms, which are often

applied in image compression, may also be employed for RMDS compression.

The radio measurement values may for instance contain a received signal strength (RSS), e.g. measured
in dBm, for instance with a reference value of 1 mW, with or without the Doppler effect being averaged
out therein, and/or path losses and/or timing measurement values like timing advance (TA), round-trip
time (RTT) and/or propagation delay, and/or an angle of arrival (AOA). Boolean radio measurement
values are also possible, e.g. a radio measurement value that indicates whether or not a specific location

lies within the coverage area of a specific communication network node.
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The original RMDS may not only comprise radio measurement values actually measured by means of a
radio interface. Alternatively or in addition to such radio measurement values, the original RMDS may
comprise radio measurement values that are not actually measured but represent a model of a property
or several properties of a communication network node/several nodes, for instance a radio coverage
model or radio channel model. To give but one example, a calculated radio measurement value obtained
in radio coverage area modeling may be a value indicating if its associated location is covered by a

respective node indicated by the associated node identification information of the respective fingerprint.

The node identification information may be associated with the RMDS as a whole and thus indirectly
with each of the radio measurement values of the RMDS or there may be separate node identification
information for each radio measurement value, selected radio measurement values and/or for one group
or several groups of radio measurement values. Associating the node identification information with an
entire RMDS and thus storing the node identification information only once and not separately for each
radio measurement value may be advisable if each radio measurement value of the RMDS is anyway

associated with the same communication network node.

While an RMDS may comprise fingerprints associated with different communication network nodes,
the discrete frequency transform is to be applied separately to the radio measurement values for differ-
ent nodes. To achieve this, the original RMDS to which a discrete frequency transform is applied may
comprise only fingerprints associated with the same node, i.¢. all radio measurements of the original
RMDS are associated with the same node. Alternatively, the original RMDS may be partitioned into
several RMDSs, wherein the radio measurement values of each RMDS are associated with the same
node. A discrete frequency transform may then be separately applied to each of the several RMDSs so
that several frequency transformed RMDSs are obtained. Several reconstructed RMDSs may then be
obtained by applying an inverse discrete frequency transform to these frequency transformed RMDSs.
The several frequency transformed RMDSs may or may not be assembled to a single reconstructed
RMDS comprising radio measurement values associated with different communication network nodes

at a later stage.

Non-limiting examples of communication networks nodes (also denoted simply as nodes herein) are
base stations (or sectors thereof) of a cellular communication network, such as for instance a second
generation (2G, for instance the Global System for Mobile Communication (GSM), the General Packet
Radio System (GPRS), the Enhanced Data Rates for GSM Evolution (EDGE) or the High Speed Cir-
cuit-Switched Data (HSCSD)), third generation (3G, for instance the Universal Mobile Telecommuni-

cation System, UMTS, or CDMA-2000) or fourth generation (4G, for instance the Long Term Evolu-
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tion, LTE, system, the LTE Advanced (LTE-A) system or the IEEE 802.16m WiMAX system) com-
munication network, or an AP or beacon of a non-cellular radio communication network, such as for
instance a WLAN network, a Bluetooth system, a radio-frequency identification (RFID) system a
broadcasting system such as for instance Digital Video Broadcasting (DVB), Digital Audio Broadcast-
ing (DAB) or Frequency-Modulated (FM) / Amplitude-Modulated (AM) radio, a Near Field Communi-
cation (NFC) system, ¢tc.). A cellular communication network may for instance be characterized by a
basically seamless pavement of a geographical area (usually in the order of at least hundreds or thou-
sands of square kilometers) with cells in which coverage is provided by respective communication net-
work nodes that are operated by the same operator, which network may for instance support communi-
cation handover between cells. Consequently, a non-cellular communication network may be character-

ized as a communication network that does not have all of these properties.

Examples of node identification information may comprise identifiers. Therein, a node of a communica-
tion network may for instance have an identifier that is unique (e.g. globally unique) at least in the
communication network (and for instance also in all other communication networks). Equally well, a
node of a communication network may for instance have an identifier that is not unique (e.g. only local-
ly unique) in the communication network, but that is at least unique in a subregion of the region covered

by the communication network.

The identifier of the node may for instance be a cell identifier. Examples of as cellular cell identifiers
include e.g. a Mobile Country Code (MCC), a Mobile Network Code (MNC), a Local Area Code
(LAC) and/or a Cell Identity (CID) in case of coverage areas of a 2G mobile communications system, a
UTRAN Cell ID (UC-ID) in case of a 3G mobile communications system, or an LTE Cell Identity in
case of'a 4G communications system. Examples of non-cellular identifiers include identifiers of WLAN
access points (e,g. a basic service set identification (BSSID), like a medium access control (MAC)

identifier of a WLAN access point or a service set identifier (SSID)).

A mobile terminal the position of which is to be estimated may use one radio interface or several radio
mterfaces of different types to obtain node identification information on communication network nodes
that are observed by the mobile terminal. Based on this identification information a corresponding

RMDS or more RMDSs may be selected and used for estimating the position of the mobile terminal.

The location information may in particular comprise discrete coordinates of a discrete coordinate grid
or consist of such coordinates. The discrete coordinate grid — and thus its coordinates — may be equally
spaced. The discrete coordinate grid may then be referred to as a uniform (discrete) coordinate grid.

The location information may for instance have been obtained by means of received satellite signals of
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a GNSS such as Global Positioning System (GPS), Galileo, Global Navigation Satellite System (i.e.
"Globalnaja Nawigazionnaja Sputnikowaja Sistema", GLONASS) and Quasi-Zenith Satellite System
(QZSR), e.g. by an apparatus. That apparatus may also have obtained a radio measurement value and
associated node identification information and have provided them to a server together with the location

information, thus acting as data collector that provides fingerprints for radiomap generation.

AN RMDS may for instance be a two-dimensional (2D), a three-dimensional (3D) or a four-
dimensional (4D) RMDS. In particular, a 2D RMDS may be considered as an RMDS comprising radio
measurement values associated with 2D location information, e.g. an x-coordinate and a y-coordinate.
Likewise, a 3D RMDS may be considered as an RMDS comprising radio measurement values associ-
ated with 3D location information, e.g. an x-coordinate, a y-coordinate and a z-coordinate. The 3D
RMDS may also be layered. Thus, for instance, in an indoor environment one of the three coordinates
may indicate the floor of a building rather than an absolute altitude, while the other two coordinates
may indicate a position on the respective floor. A layered 3D RMDS may be considered to correspond
to a set of several 2D RMDS, each comprising a layer indicator, such as e.g. a floor number. A 4D
RMDS may be considered as an RMDS comprising radio measurement values associated with 3D loca-
tion information, e.g. an X-coordinate, a y-coordinate and a z-coordinate, and further comprising a time

value, so that a temporal dependency of a radio environment may be modeled.

The discrete frequency transform that is applied the original RMDS may be any frequency transform
that can be applied to a discrete set of fingerprints, i.e. pairs of location information and associated
radio measurement values. The discrete frequency transform that is applied the original RMDS may for
mstance be the Discrete Fourier Transform (DFT), the Discrete Cosine Transform (DCT), the short-
time Fourier transform (STFT), the Z-transform or the wavelet transform to name but a few examples.
Different implementations of the employed discrete frequency transform may be used in the context of
the present invention. For instance, the Fast Cosine Transform (FCT) may be used as an effective algo-
rithm for implementing the DCT. Likewise, the Fast Fourier Transform (FFT) may used for effectively

implementing the DFT.

According to an embodiment of the method according to the first aspect of the invention, the method
further comprises providing the frequency transformed radiomap data set to another apparatus, e.g. a
mobile terminal. The other apparatus may then use the provided frequency transformed RMDS as a
basis for estimating its position. As the amount of data of the frequency transformed RMDS may be
significantly less than the amount of data of the original RMDS, less network resources may be re-

quired for providing the frequency transformed RMDS to the other apparatus.
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According to an embodiment of the method according to the first aspect of the invention, the method
further comprises obtaining a reconstructed radiomap data set by applying an inverse discrete frequen-

cy transform to the frequency transformed radiomap data set.

By applying an inverse discrete frequency transform to the frequency transformed RMDS and thus
obtaining a reconstructed RMDS, a basis for performing position estimation is obtained. The inverse
frequency transform applied has to be the inverse transform to the frequency transform applied to ob-
tain the frequency transformed RMDS. For instance, if the DCT has been used to obtain the frequency
transformed RMDS, the Inverse Discrete Cosine Transform (IDCT) has to be used for reconstruction.
If the FFT has been used to obtain the frequency transformed RMDS, the Inverse Fast Fourier Trans-
form (IFFT) has to be used. If the STFT has been used, the Inverse STFT has to be used for recon-
struction; if the Z-transform has been used, the Inverse Z-transform has to be used for reconstruction;
and if the wavelet transform has been used, the inverse wavelet transform has to be used for reconstruc-

tion.

Obtaining the reconstructed RMDS may be performed at the apparatus at which the frequency trans-
formed RMDS has previously been obtained. It may however also be performed at a different appa-
ratus, €.g. at a server or a mobile terminal, to which the frequency transformed RMDS has been pro-

vided.

According to an embodiment of the method according to the first aspect of the invention, the method
further comprises determining a position of another apparatus, e.g. a mobile terminal, based on the

reconstructed radiomap data set.

The position estimation may for instance either be performed at a server, e.g. a server on which the
frequency transformed RMDS — and after the inverse frequency transform has been applied also the
reconstructed RMDS — is stored. Position estimation may however be also performed at a server differ-
ent from a server on which the frequency transformed RMDS is stored and/or at which it has been gen-
erated. However, position estimation does not have to be performed at a server. It may for instance be
performed at the other apparatus, e.g. a mobile terminal, the position of which is to be determined. To
this end, the frequency transformed RMDS may have been provided to that apparatus and may have
been reconstructed there or the reconstructed RMDS itself may have been provided to that apparatus,

¢.g. mobile terminal.

Determining the position of the other apparatus, e.g. mobile terminal, may then involve obtaining node

identification information of one or several nodes, ¢.g. a BS of a cellular network and a WLAN AP,
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that are observed at the respective position of the other apparatus and/or obtaining radio measurement
values at that position. Based on the node identification information, a corresponding frequency trans-
formed RMDS having radio measurement values associated with that node may be selected and the
corresponding reconstructed RMDS may be obtained by applying the inverse frequency transform.
Alternatively, the reconstructed RMDS may have already been computed and may be directly selected.
Several RMDSs may be selected if according to the node identification information several nodes for
which radio measurement values are encompassed by different RMDSs are observed. However, for
reasons of conciseness specifying in every step subsequently elucidated that also several RMDSs may

be considered is omitted.

Depending on the content of the original RMDS and thus the frequency transformed RMDS, the recon-
structed RMDS may either represent a model of a property or several properties of a node/several
nodes or it may comprise raw radio measurement values, i.e. radio measurement values that have not
been obtained by modeling but, for example, by actually measuring them or by calculating them e.g. by
means of interpolation or extrapolation. If the radio measurement values are raw radio measurement
values, for determining a position of the other apparatus, e.g. a mobile terminal, a model may first be

created based on the raw radio measurement values first, before position estimation starts.

The model taken or derived from the reconstructed RMDS may for instance model the coverage area of
nodes. As an example, the modeled coverage area may be considered and the position estimate may then

be the center of the area of intersection of the coverage area models of all observed nodes.

As an alternative to coverage area models (or as an addition allowing more accurate position estima-
tion), also radio channel models (aka radio propagation models) for communication network nodes may
serve as a basis for determining a position based on, for instance, a received signal strength and/or a
path loss measured at the respective position by means of one or more radio interfaces of the other ap-
paratus, e.g. a mobile terminal. A radio channel model may for instance describe how the power of a
signal emitted by a communication network node decays with increasing distance from the communica-
tion network, for instance under consideration of further parameters as for instance the radio transmis-
sion frequency. Now, if radio channel model information is available for an identified communication
network node, for instance if a strength of a signal from this communication network node as received
at the respective position (or, as another example, the path loss experienced by this signal) has been
measured at that position, an estimate of the distance towards the communication network node can be

determined and exploited (¢.g. among further information) to determine a position estimate.
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According to an embodiment of the method according to the first aspect of the invention, the discrete

frequency transform applied to the original radiomap data set is the Discrete Cosine Transform.

DCT may be used for real valued radio measurement values. Efficient implementations of the DCT are
available. The DCT may thus be considered as particularly well suited for a high-performance applica-
tion such as transforming the original RMDS. Moreover, the DCT may provide a low-pass filtering
effect. This property may prove advantageous when the DCT is applied to a noisy original RMDS. By
varying the number of maintained DCT coefficients, the data amount of the frequency transformed

RMDS may be adapted as needed and the low-pass effect may be easily controlled.

According to an embodiment of the method according to the first aspect of the invention, the original
radiomap data set comprises radio measurement values and associated discrete coordinate sets of a

discrete coordinate grid.

The discrete coordinate grid — and thus its coordinates — may be equally spaced. The discrete coordi-
nate grid may then be referred to as a uniform (discrete) coordinate grid. The discrete coordinate grid
may have a limited size. In each dimension the coordinate grid may thus have a limited number of dis-
crete coordinates. When the discrete coordinate grid has a limited size, it also has a limited number of
grid points, i.e. valid discrete coordinate sets, e.g. a coordinate pair for a 2D original RMDS, a coordi-

nate triple for a 3D original RMDS and a coordinate quadruple for a 4D original RMDS.

Employing a discrete coordinate grid for the original RMDS enables applying a discrete frequency
transform to the original RMDS. The discrete coordinate grid may be fully occupied so that for each

grid point, i.e. discrete coordinate set, an associated radio measurement value may be provided.

As the values the discrete coordinate sets may assume are limited compared to continuous coordinate
values of a coordinate grid of the same size, the overall number of possible coordinate sets is reduced.
The number of fingerprints of the original RMDS is therefore also reduced. Consequently, the amount

of data that has to be handled may be reduced.

According to an embodiment of the method according to the first aspect of the invention, the original
radiomap data set comprises information on the size of the discrete coordinate grid.

The information on the size of the discrete coordinate grid may comprises the number of valid coordi-
nates in each dimension of the discrete coordinate grid, e.g. the lowest valid coordinate index and the
highest valid coordinate index in each dimension. In addition, the size information may comprise infor-

mation on the grid resolution, e.g. information on the distance between valid discrete coordinates, for
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instance in each dimension of the discrete coordinate grid. Such distances may be measured in meters or
the like but other possibilities exist. Further information on this issue may for instance be found in the

international patent application PCT/IB2012/051227 which is incorporated herein by reference.

Information on the size of the discrete coordinate grid comprised by the original RMDS may be copied
to the frequency transformed RMDS or stored together with the frequency transformed RMDS so that
information on the size of the discrete coordinate grid employed may be made available together with
the frequency transformed RMDS. This information may be exploited in obtaining the corresponding
reconstructed RMDS by applying the inverse discrete frequency transform to the frequency transformed

RMDS.

According to an embodiment of the method according to the first aspect of the invention, the original

radiomap data set comprises reference location information for the discrete coordinate grid.

The reference location information may enable mapping a discrete coordinate set of the discrete coordi-
nate grid to geographic locations, e.g. to a latitude and longitude pair for a 2D original RMDS or to a
latitude, longitude and elevation triple for a 3D original RMDS. To this end, the reference location
information may for instance comprise information on the geographic location of one discrete coordi-
nate set or several discrete coordinate sets of the discrete coordinate grid. As an example, the reference
location information may comprise information on the geographic location of a discrete coordinate set
located at a corner of the discrete coordinate grid or located at the center thereof. In addition, the refer-
ence location information may comprise information on the resolution on the discrete coordinate grid,
e.g. information on the geographical distance between neighboring valid discrete coordinate sets, for
instance for each dimension of the discrete coordinate grid. However, as explained above, the resolution
information may also be considered as part of the information on the size of the discrete coordinate

grid.

The reference location information may also be used for mapping geographical locations to discrete

coordinate sets of the discrete coordinate grid.

The frequency transformed RMDS may also comprise the reference location information, for instance
because it has been copied to the frequency transformed RMDS from the original RMDS. Likewise the
reconstructed RMDS may comprise reference location information, for instance because it has been
copied to reconstructed RMDS from the frequency transformed RMDS or from the original RMDS if

available.
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It is to be understood that when the discrete frequency transform is applied to the original RMDS, the
radio measurement values with the associated discrete coordinate sets, are frequency transformed. De-
fining the radio measurement values and the associated location information as a radio image, one may
also say that the discrete frequency transform is applied to the radio image. The frequency transform is
not applied to the reference location information and to the information on the size of the discrete coor-
dinate grid. Likewise, the inverse frequency transform is also not applied to this information but only to
the frequency transformed radio measurement values and location information when the inverse fre-

quency transform is applied to the frequency transformed RMDS.

According to an embodiment of the method according to the first aspect of the invention, the method

further comprises generating the original radiomap data set.

Generating the original RMDS may be considered as providing an RMDS that is suitable for applying
a discrete frequency transform to it. Generating the original RMDS may involve obtaining actual radio
measurement values, i.e. measuring them by means of a radio interface. Generating the original RMDS
may however also be understood as processing already available radio measurement values or an al-
ready available RMDS without performing the measurements themselves. Likewise, the combined steps
of measuring a radio parameter to obtain a radio measurement value and of subsequent processing

thereof may form part of generating the original RMDS.

According to an embodiment of the method according to the first aspect of the invention, generating the
original radiomap data set comprises mapping a radio measurement value to a discrete coordinate set of

the discrete coordinate grid.

When a mobile terminal obtains a radio measurement and the position of the mobile terminal at that
time as indicated by simultaneously obtained location information, e.g. by means of received satellite
signals of a GNSS, does (according to the reference location information) not exactly fall on a valid
discrete coordinate set of the discrete coordinate grid, the radio measurement has to be mapped to such
to such valid discrete coordinate set. Since the presently discussed embodiment comprises mapping a
radio measurement to a discrete coordinate set of the discrete coordinate grid when generating the origi-
nal RMDS, it is made sure that only valid discrete coordinate sets are associated with the radio meas-

urements of the original RMDS.

Mapping a radio measurement value to discrete coordinates of the discrete coordinate grid may com-
prise mapping the radio measurement value to the grid point of the discrete coordinate grid, i.e. to a

valid set of discrete coordinates, that (according to the reference location information) is closest to the
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actual location of mobile terminal when the radio measurement value was obtained. Further information
on such a mapping scheme may be found in the international patent application PCT/IB2012/051227,

which is incorporated herein by reference.

According to an embodiment of the method according to the first aspect of the invention, the original
radiomap data set contains for each grid point of the discrete coordinate grid, i.e. for each valid set of
discrete coordinates, and for cach communication network node not more than one radio measurement
value of a specific type. A grid point may however be associated with a plurality of radio measurement
values if each radio measurement value thereof is of a different type and or if it is associated with a
different communication network node, i.e. with different node identification information. Separate
types of radio measurement values as well as radio measurement values associated with different nodes

may be separately transformed to the frequency domain.

If in the course of generating the original RMDS several radio value measurements of the same type
and associated with the same node are to be mapped to the same grid point, it has to be determined
which radio measurement value of that type should become associated with the respective grid point.
One approach to this issue is to associate the mean or median of all radio measurement values of that
type that are mapped to the grid point with the grid point. Therein, weights may or may not be assigned
to the radio measurement values. Further information on how to manage several radio measurement
values of the same type and associated with the same node that are to mapped to the same grid point
may be found the international patent application PCT/IB2012/051226, which is incorporated herein by

reference.

According to an embodiment of the method according to the first aspect of the invention, generating the
original radiomap data set comprises obtaining a radio measurement value for each discrete coordinate

set of the discrete coordinate grid.

Usually radio measurement values and the associated location information obtained by mobile terminals
by means of their radio interfaces are fragmentary in the sense that not for each grid point of a discrete
coordinate grid a radio measurement value is available. It is however necessary for being able to apply
a discrete frequency transform to the original RMDS that the discrete coordinate grid thereof is fully
occupied, i.e. complete in the sense that a radio measurement value is provided for each grid point of
the discrete coordinate grid. According to the embodiment presently discussed, it is made sure that the
discrete coordinate grid of the original RMDS is fully occupied so that a discrete frequency transform

may be applied thereto.
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According to an embodiment of the method according to the first aspect of the invention, obtaining a
radio measurement for each discrete coordinate set of the discrete coordinate grid comprises calculating
a radio measurement value for a discrete coordinate set of the discrete coordinate grid by means of in-

terpolation.

The approach according to this embodiment may help working towards a fully occupied original
RMDS by calculating a radio measurement value for a grip point, i.e. discrete coordinate set of the
discrete coordinate grid, from the radio measurement values of the respective type and associated with
the same node that are already available, in particular from those associated with nearby grid points.
Strictly speaking the thus calculated radio measurement values are therefore not actually measured.

They are however in this application still referred to as radio measurement values.

The radio measurement value obtained by means of interpolation, i.e. the interpolated radio measure-
ment value, may subsequently be associated with the respective grid point for which it has been ob-

tained.

Various interpolation methods may be employed for obtaining an interpolated radio measurement value.

According to an embodiment of the method according to the first aspect of the invention, a radio meas-

urement value is calculated by means of linear interpolation.

Linear interpolation may be particularly useful for radio measurement values of radio parameters which
are linearly dependent on the propagation distance, i.e. the distance between the observing device and
the respective observed node. An example for such a radio measurement parameter is the received sig-

nal strength (RSS) if it is measured, for instance, in dBm.

Linear interpolation is here meant to encompass bilinear interpolation in case of a 2D original RMDS,
trilinear interpolation in case of a 3D original RMDS etc. Before applying the actual interpolation,
preparatory steps may be taken. This may for instance involve 2D or 3D Delaunay triangulation. As an
example, valid coordinate sets of the discrete coordinate grid for which radio measurement values are
available may form the vertices of a triangle (for a 2D RMDS). Interpolated radio measurement values
may then be obtained for the coordinate sets which lie inside this triangle and for which no radio meas-
urement values are yet available. The actual interpolation step may then involve employing bilinear

terpolation taking the radio measurement values at the vertices of the triangle as a basis.
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According to an embodiment of the method according to the first aspect of the invention, obtaining a
radio measurement for each discrete coordinate set of the discrete coordinate grid comprises calculating
a radio measurement value for a discrete coordinate set of the discrete coordinate grid by means of ex-

trapolation.

Calculating radio measurement values by means of extrapolation may be necessary if for a discrete
coordinate set for which a radio measurement value is to be obtained not a sufficient number of radio
measurement values is available for discrete coordinate sets in the vicinity of the presently considered
discrete coordinate set. There may then not be a sufficient basis for interpolation. This is for instance
often the case for discrete coordinate set located at the edges or even corners of the discrete coordinate
grid. Extrapolation may allow nevertheless fully occupying the discrete coordinate grid and thus the
original RMDS with radio measurement values so that a frequency transform may subsequently be

applied to the original RMDS.

Various extrapolation methods may be employed for obtaining an extrapolated radio measurement val-

uc.

According to an embodiment of the method according to the first aspect of the invention, a radio meas-

urement value is calculated by means of linear extrapolation.

Linear extrapolation may be particularly useful for radio measurement values of radio parameters
which are linearly dependent on the propagation distance, i.e. the distance between the observing device
and the respective observed network equipment. An example for such a radio measurement value is the

received signal strength (RSS) if it is measured, for instance, in dBm.

According to an embodiment of the method according to the first aspect of the invention, linear extrapo-

lation is based on gradients of available radio measurement values.

Employing gradients of available radio measurement for the linear extrapolation may be considered a
simple yet effective approach to obtaining radio measurement values by means of extrapolation. The
gradients of the available radio measurement values may for instance either be radio measurement val-
ues that have actually been measured by means of radio interfaces of mobile terminals or they may be

radio measurement values that have previously been calculated, e.g. by means of interpolation.

According to an embodiment of the method according to the first aspect of the invention, obtaining a

radio measurement value for each discrete coordinate set of the discrete coordinate grid comprises first
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calculating a radio measurement value for a discrete coordinate set of the discrete coordinate grid by
means of interpolation and subsequently calculating a radio measurement value for a discrete coordi-

nate set of the discrete coordinate grid by means of extrapolation.

An implementation of such an embodiment may in particular comprise first calculating a radio meas-
urement value for each discrete coordinate set of the discrete coordinate grid by means of interpolation
for which calculating a radio measurement value by means of interpolation is possible, ¢.g. because
sufficient radio measurement values associated with nearby discrete coordinate sets are available for the
mterpolation method employed. Subsequently, a radio measurement value for a each discrete coordinate
set of the discrete coordinate grid for which no radio measurement value has previously been calculated

by means of interpolation is calculated by means of extrapolation.

First resorting to interpolation for obtaining radio measurement values for discrete coordinate sets of
the discrete coordinate grid and then resorting to extrapolation only for obtaining the still missing radio
measurement values for the remaining discrete coordinate sets may yield relatively good radio meas-
urement value estimates for the discrete coordinate sets for which no radio measurement value has been
obtained by an actual measurement. This is due to the fact that because of the broader data basis con-
sidered, interpolation may tend to provide results closer to the radio measurement value that would have

been obtained if an actual measurement would have been conducted than extrapolation could provide.

The quality of radio measurement values obtained by means of interpolation or extrapolation depends
on the predictability of the respective radio parameter reflected by the radio measurement value. For
nstance, a radio measurement value reflecting a radio parameter that evolves continuously with the
location may be better to predict than a radio measurement value reflecting a radio parameter that does
not. The better the interpolation or extrapolation method employed emulates the spatial dependency of
the respective radio measurement value/radio parameter, the closer a radio measurement value obtained
by means of interpolation or extrapolation may be to the value that would have been obtained by an
actual measurement. In indoor 3D scenarios, radio propagation properties may differ significantly in
the horizontal and the vertical direction since floor attenuation is often noticeably higher than wall at-
tenuation. It may thus be advisable to use a layered 3D RMDS, i.e. a set of several 2D RMDSs (one
for each floor), and then employ floor-wise interpolation or extrapolation to fully occupy each 2D

RMDS thereof.

According to an embodiment of the method according to the first aspect of the invention, at least one
radio measurement value measured by means of a radio interface is discarded in the process of obtain-

ing a radio measurement value for each discrete coordinate set of the discrete coordinate grid.
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Spatial distribution of radio measurement values measured by means of a radio interface, ¢.g. a radio
interface of a mobile terminal, may be uneven. While for some areas a comparatively high number of
such radio measurement values may be available, this may not be the case for other areas. This uneven
scattering of these radio measurement values may cause problems if radio measurement values are to be
calculated by means of interpolation or extrapolation. It may then help to obtain high quality interpolat-
ed or extrapolated radio measurement values to discard one radio measurement value or several radio
measurement values of the actual radio measurement values, i.¢. the radio measurement values meas-
ured by means of a radio interface. For instance, at least one actual radio measurement value may be
discarded prior to calculating a radio measurement value for a discrete coordinate set of the discrete

coordinate grid by means of interpolation or by means of extrapolation.

For better interpolation or extrapolation results, it may be helpful to discard actual radio measurement
values that are outliers in the discrete coordinate grid. An outlier may for instance be defined as an
actual radio measurement value associated with a discrete coordinate set that exceeds a predetermined
distance to the center of gravity of all available actual radio measurement values of the respective
RMDS. Alternatively, an outlier could for instance be defined as an actual radio measurement value not
having at least a predetermined number of actual radio measurement values associated with discrete
coordinate sets within a predetermined distance to the discrete coordinate associated with the radio
measurement value and grid point considered. A combination of the above two criteria may as well be

applied as other criteria not mentioned here.

According to an embodiment of the method according to the first aspect of the invention, obtaining a
radio measurement value for each discrete coordinate set of the discrete coordinate grid comprises cal-
culating a radio measurement value for a discrete coordinate set of the discrete coordinate grid by
means of a model of a radio parameter of a communication network node, the radio measurement value

reflecting the radio parameter.

According to this embodiment, in occupying the discrete coordinate grid, a model of a radio parameter
of a communication network node may be taken into account. This approach may prove helpful in
terms of accuracy of a thus obtained radio measurement values in comparison to a radio measurement
value calculated according to other methods, e.g. interpolation or extrapolation. Although this does not
necessarily have to be the case, due to the computational effort for obtaining the model of the respective
radio parameter, employing such a model in the process of fully occupying the discrete coordinate grid
may yield an increased processing load in comparison to methods such as interpolation or extrapola-

tion.
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That the radio measurement value calculated by means of the model of the radio parameter of the com-
munication network node reflects the radio parameter of that communication network node may be
considered to mean that the calculated radio measurement value is of the same type as the modeled
radio parameter and that the calculated radio measurement value is associated with communication

network node identification information identifying the node for which the radio parameter is modeled.

The modeled radio parameter of the communication network node, which may also be referred to as a
property of the communication network node, may for instance be the coverage area of the node. As an
alternative to coverage area models, also a radio channel model may be employed. The radio parameter
modeled by the radio channel model may for instance be an RSS or a path loss. In this context, the
radio channel model may describe how the power of a signal emitted by a communication network node
decays with increasing distance from the communication network node. Using this model, a radio
measurement value of a corresponding type may be calculated for the discrete coordinate set consid-

ered.

The model of the radio parameter of the communication network node may for instance be derived from

actual radio measurement values that reflect the respective radio parameter of that node.

Calculating a radio measurement value for a discrete coordinate set of the discrete coordinate grid by
means of a model of a radio parameter may be combined with calculating a radio measurement value
by means of interpolation and/or by means of extrapolation. For instance, while for some unoccupied
discrete coordinate sets of the discrete coordinate grid model based radio measurement value calculation
may be performed, interpolation and/or extrapolation may be used for calculating radio measurement
values for other discrete coordinate sets of the discrete coordinate grid. Moreover, also in the context of
model based radio measurement value calculation discarding of radio measurement values measured by
means of a radio interface may be performed. As an example, an actual radio measurement value that
differs significantly from several radio measurement values associated with nearby discrete coordinate
sets may be discarded because this outlier may deteriorate the quality of a radio parameter model gen-

erated based on the actual radio measurement values.

According to an embodiment of the method according to the first aspect of the invention, obtaining a
radio measurement value for each discrete coordinate set of the discrete coordinate grid comprises set-

ting a radio measurement value to a predetermined value.
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The inventors have found that setting a radio measurement value (or even several radio measurement
values) to a predetermined value is a viable option for working towards a fully occupied discrete coor-
dinate grid. The quality of a frequency transformed RMDS obtained based on an original RMDS com-
prising radio measurement values obtained by setting them to a predetermined value may still be ac-

ceptable. This may be attributed to a low-pass filtering effect of the frequency transform.

Setting a radio measurement value to a predetermined value may require very low computational effort
and only little time to be performed. It may therefore be useful in many different application contexts.
As an example, a radio measurement value for a discrete coordinate set may be set to a predetermined
value if a fully occupied coordinate grid is generated at a mobile terminal, ¢.g. because the frequency
transform is applied to the original RMDS at said mobile terminal (for instance in order to reduce
transmission resources required to transmit actual radio measurement values acquired by means of a
radio interface of the mobile terminal). Mobile terminals often have low processing power (¢.g. com-
pared to a server) and even if the processing power is sufficient, performing extensive calculations
might drain the battery of the mobile terminal more quickly. Setting a radio measurement value to a
predetermined value instead of calculating it by means of interpolation and/or extrapolation and/or
based on a radio parameter model may ease the burden on the processing capacities and battery life of

the mobile terminal.

The actual predetermined value employed is not crucial. It may however be advisable to use a prede-
termined value that is not entirely unrealistic, e¢.g. a predetermined value that an actual radio measure-
ment value would never assume (for instance because of the predetermined value not falling within a
range in which an actual radio measurement value has to or may be expected to fall). To give one prac-
tical example, if the radio measurement value to be obtained is an RSS value, the predetermined value

may be set to a value in the order of -100 dBM.

It is an option to obtain a radio measurement value for each unoccupied discrete coordinate set of the
discrete coordinate grid by means of setting them to a predetermined value. However, also the radio
measurement values of only one or some of the unoccupied discrete coordinate sets may be set to the
predetermined value. Other unoccupied discrete coordinate sets may be occupied by other means, ¢.g.
by means of interpolation and/or extrapolation and/or based on a radio parameter model. If different
approaches are used for occupying the discrete coordinate grid, it may be advisable to perform of inter-
polation and/or extrapolation and/or radio parameter model based radio measurement calculation before
obtaining radio measurement values by means of setting them to a predetermined value. Using prede-
termined values may tend to yield relatively low quality radio measurement values (least true to an ac-

tual radio measurement value obtained at the respective position compared to the other approaches).
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These low quality radio measurement values may affect the quality of the interpolation or extrapolation
result. Likewise, they may affect the quality of a radio parameter model if they are taken into account
when generating the radio parameter model. They may however be disregarded in interpolation, extrap-
olation and/or in generating the radio parameter model. For instance, only actual radio measurement
values may be taken into account. In this case, interpolation, extrapolation and/or radio parameter mod-
el based radio measurement calculation may be performed after having obtained radio measurement

values by setting them to a predetermined value.

According to an embodiment of the method according to the first aspect of the invention, the method
further comprises determining an error indicator indicating an error of a reconstructed radiomap data
set, the reconstructed radiomap data set obtained by applying an inverse discrete frequency transform to
the frequency transformed radiomap data set, by comparing the reconstructed radio map data set to the

original radiomap data set.

The original RMDS may have a better quality than the reconstructed RMDS. For instance, the cause
for such a quality degradation could be that relatively few transform coefficients obtained by applying
the discrete frequency transform to the original RMDS are maintained so as to achieve a high compres-
sion, i.e. a small data amount of the frequency transformed RMDS. Interpolation or extrapolation per-
formed for occupying the original RMDS may as well affect the quality of the reconstructed RMDS in
comparison to the original RMDS. The error indicator may provide information on the effect of these or
other detrimental factors. This information may for instance be exploited in the stage of obtaining a
frequency transformed RMDS (as explained below) or it may serve as an uncertainty indicator of a

position estimate obtained based on the reconstructed RMDS.

The error indicator may for instance be based on a difference between the original RMDS and the re-
constructed RMDS, ¢.g. by subtracting the reconstructed RMDS from the original RMDS. This differ-
ence may for instance be calculated by subtracting for each discrete coordinate set of the reconstructed
RMDS the associated radio measurement value from the radio measurement value associated with the
same discrete coordinate set of the original RMDS. As an example, the error indicator may be the
standard deviation of the difference between the original RMDS and the reconstructed RMDS. To name
but one alternative, the error indicator may also be based on the sum of the absolute values of each of
the differences between the radio measurement values of the original RMDS and the reconstructed
RMDS, e.g. normalized with respect to the sum of the absolute values of the radio measurement values
of the original RMDS. If'in the original RMDS and the reconstructed RMDS several radio measure-
ment values of different types are associated with at least some of the discrete coordinate sets, the radio

measurement values of different types may be subtracted separately and partial error indicators may be
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calculated, e.g. as explained above. Either the set of partial quality indicators as a whole may then con-
stitute the error indicator or it may be formed by the sum of the partial error indicators, the mean or the
median thereof etc. Only radio measurement values of the original RMDS and the frequency trans-

formed RMDS are subtracted that are associated with the same node.

The error indicator may be stored for later use. It may for instance be stored together with the frequen-
cy transformed RMDS and be transmitted together with the frequency transformed RMDS, e.g. to a

mobile terminal that estimates its position based on the frequency transformed RMDS.

According to an embodiment of the method according to the first aspect of the invention, the method
comprises maintaining a reduced number of transform coefficients obtained by applying the discrete

frequency transform to the original radiomap data set in the frequency transformed radiomap data set.

By applying the discrete frequency transform to the original RMDS, transform coefficients are ob-
tained. Due to the decorrelation property of the discrete frequency transform, it may suffice to maintain
not all of the obtained transform coefficients, i.e. to maintain a reduced number of transform coeffi-
cients. Thereby, compression of the frequency transformed RMDS is achieved. The reduced number of
transform coefficients may suffice for representing the frequency transformed RMDS so that the recon-
structed RMDS may still be quite true to the original RMDS even though some information may have
been lost. As another potential advantage, maintaining a reduced number of transform coefficients may
have a low pass filtering effect. As actual, interpolated and extrapolated radio measurement values and
thus the original RMDS tend to be noisy, the low pass effect may be very welcome. It may even out at

least some of the noise so that the reconstructed RMDS is less noisy than the original RMDS.

To allow reconstruction by applying the corresponding inverse frequency transform to the frequency
transformed RMDS, the transform coefficients that are not maintained may be set to zero before the

mverse frequency transform is applied.

According to an embodiment of the method according to the first aspect of the invention, the reduced
number of transform coefficients to be maintained in the frequency transformed radiomap data setis a

fixed number.

If the reduced number of transform coefficients to be maintained is a fixed number, put differently if it
is constant, i.e. independent of the respective frequency transformed or original RMDS, for each fre-
quency transformed RMDS the maintained set of transform coefficients may require the same storage

capacity when stored and the same transmission capacity when transmitted. This may greatly simplify
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resource planning and resource allocation. However, as the spatial correlation of the radio measurement
values is not the same for every original RMDS, decorrelation by means of discrete frequency trans-
formation will also not work equally well in any case. Thus, the compression quality will vary. For a
fixed number of transform coefficients maintained, the quality of each reconstructed RMDS will there-

fore also vary.

According to an embodiment of the method according to the first aspect of the invention, the reduced
number of transform coefficients to be maintained in the frequency transformed radiomap data set is

adapted to attain a predetermined quality of the frequency transformed radiomap data set.

The predetermined quality may for instance be a quality range in that the quality of the frequency trans-
formed RMDS has to fall. To name but one other example, the predetermined quality may be a mini-

mum quality that has to be attained.

Guaranteeing a predetermined quality for each frequency transformed RMDS — and thus for also for
the reconstructed RMDSs — may help achieving reliable position estimates based on the reconstructed
RMDS. However, as each original RMDS is different and decorrelation by means of discrete frequency
transformation will also not work equally well in any case, the number of transform coefficients then
needs to be adapted. As a consequence, for each frequency transformed RMDS the maintained set of
transform coefficients is likely not to require the same storage capacity when stored and the same
transmission capacity when transmitted. This may complicate resource planning and resource alloca-

tion. Moreover, logic is needed to determine the number of transform coefficients to be maintained.

To limit the maximum storage and transmission capacity required, a upper limit for the reduced number
of transform coefficients to be maintained may be set. Alternatively or in addition, a lower limit for the

reduced number of transform coefficients to be maintained may be set.

According to an embodiment of the method according to the first aspect of the invention, adapting the

reduced number of transform coefficients is based on the error indicator.

In order to calculate the number of transform coefficients that has to be maintained so that the prede-
termined quality of the frequency transformed RMDS is attained, a quality indicator is needed. Accord-

ing to the embodiment presently discussed, the error indicator is used as such a quality indicator.

Adapting the reduced number of transform coefficients may then for instance comprise the steps of:

a) applying a discrete frequency transform to the original RMDS;
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b) obtaining a first reconstructed RMDS by applying an inverse discrete frequency transform to
the thus obtained frequency transformed RMDS, wherein a first reduced number of transform
coefficients of the frequency transformed RMDS is considered; and

¢) calculating the error indicator for the first reconstructed RMDS.

If the error indicator indicates that the predetermined quality is met, the steps b) and ¢) are again per-
formed with a second reduced number of transform coefficients lower than the first reduced number
being considered so that a second reconstructed RMDS and a further error indicator are obtained. This
may then be repeated until the error indicator indicates that the predetermined quality is not met any-
more. The lowest number of transform coefficients for which the error indicator for the corresponding
reconstructed RMDS indicates that the predetermined quality is attained, may then be maintained in the

frequency transformed RMDS.

If, after having performed steps a)-c) for the first time, the error indicator indicates that the predeter-
mined quality is not attained, the steps b) and ¢) may be performed again with a second reduced number
of transform coefficients higher than the first reduced number being considered so that a second recon-
structed RMDS and a further error indicator are obtained. This may then be repeated until the error
indicator indicates that the predetermined quality is met. The lowest number of transform coefficients
for which the error indicator for the corresponding reconstructed RMDS indicates that the predeter-

mined quality is attained, may then be maintained in the frequency transformed RMDS.

In adapting the reduced number of transform coefficients based on the error indicator, a lower or upper
limit for the reduced number of transform coefficients may of course also be respected. The lower limit
of reduced transform coefficients may then be maintained even if less maintained transform coefficients
still allowed the predetermined quality to be attained. Likewise, the upper limit of reduced transform

coefficients may be maintained even if more maintained transform coefficients were needed to attain the

predetermined quality.

The embodiment described above may help to obtain a good ratio of compression and accuracy.
According to an embodiment of the method according to the first aspect of the invention, the method
further comprises selecting specific transform coefficients to be maintained in the frequency trans-

formed radiomap data set.

Apart from fixing a number of transform coefficients to be maintained in the frequency transformed

RMDS and thereby influencing the quality of the frequency transformed RMDS and thus the recon-
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structed RMDS, quality is also determined by which of the transform coefficients are maintained. The
selection criterion applied may for instance comprise selecting the C highest absolute value transform
coefficients as the transform coefficients to be maintained, wherein C is the reduced number of trans-
form coefficients that is to be maintained. It may thereby be achieved that the transform coefficients
comprising the most signal energy, i.e. the biggest part of information of the original RMDS, are main-

tained.

According to an embodiment of the method according to the first aspect of the invention, the method

further comprises applying lossless data compression to the frequency transformed radiomap data set.

By applying lossless data compression to the frequency transformed RMDS, an even higher data com-
pression rate may be achieved than by just applying the discrete frequency transform and maintaining a
reduced number of transform coefficients. While applying lossless data compression may render addi-
tional processing power for performing the lossless compression and for later performing the corre-
sponding decompression necessary, reduced storage capacities for storing the compressed frequency

transformed RMDS and reduced transmission capacities for transmitting it may be required.

The lossless compression algorithm applied may for instance be run length encoding. Decompression
may then be performed by run length decoding. Run length encoding may be particularly well suited for
the compression of frequency transformed RMDSs. If only a reduced number of transform coefficients
is maintained in the frequency transformed RMDS, the frequency transformed RMDS will have trans-
form coefficients that are zero and may become sparse. According to the run length encoding, jumps
may denote elements with value zero. Further details on this issue may be found in the international

patent application PCT/IB2012/051233 which is incorporated herein by reference.

Other features of the present invention will become apparent from the following detailed description
considered in conjunction with the accompanying drawings. It is to be understood, however, that the
drawings are designed solely for purposes of illustration and not as a definition of the limits of the in-
vention, for which reference should be made to the appended claims. It should be further understood
that the drawings are not drawn to scale and that they are merely intended to conceptually illustrate the

structures and procedures described herein.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1 is a schematic illustration of a positioning system in which example embodiments of the

present invention may be employed;
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Fig. 2 is a flow chart illustrating a first embodiment of the method according to the first aspect
of the invention;

Fig. 3 is a flow chart illustrating a first embodiment of the method according to the second
aspect of the invention;

Fig. 4 is a flow chart illustrating a second embodiment of the method according to the first
aspect of the invention;

Fig. 4a is a flow chart illustrating a step of the flow chart of Fig. 4 in more detail;

Fig. 5 is an example of a two-dimensional discrete coordinate RMDS;

Fig. 6 is an example of a three-dimensional discrete coordinate RMDS;

Fig. 7 shows the RMDS of Fig. 5 after having calculated additional radio measurement values
by means of interpolation;

Fig. 8 shows the RMDS of Fig. 7 with superposed radio measurement value gradients;

Fig. 9 shows the RMDS of Fig. 7 after having calculated additional radio measurement values
by means of extrapolation;

Fig. 10a shows a reconstructed RMDS obtained by applying an inverse discrete frequency trans-

form to a frequency transformed RMDS obtained by applying a discrete frequency trans-
form to the RMDS illustrated in Fig. 9, wherein a reduced number of transform coeffi-
cients has been maintained in the frequency transformed RMDS;

Fig. 10b shows a reconstructed RMDS obtained as that of Fig. 10a, however from a frequency

transformed RMDS with a lower number of maintained transform coefficients;

Fig. 10c shows a reconstructed RMDS with an even lower number of maintained transform coef-
ficients in the frequency transformed RMDS than in the case of Fig. 10b;

Fig. 10d shows a reconstructed RMDS with an even lower number of maintained transform coef-
ficients in the frequency transformed RMDS than in the case of Fig. 10c;

Fig. 11 is an illustration of the error of the reconstructed RMDS of Fig. 10b in comparison to

the original RMDS of Fig. 9;

Fig. 12 is a flow chart giving an overview of an exemplary process for obtaining a reconstructed
RMDS;

Fig. 13 is a block diagram of an apparatus according to an embodiment of the invention;

Fig. 14 is a schematic illustration of examples of tangible storage media according to the present
vention.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS OF THE INVENTION
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Fig. 1 shows a positioning system 100, in which embodiments of the present invention may be em-
ployed. In Fig. 1, mobile terminal 120 is capable of identifying nodes 131, 132 and 133 of one or more
communication networks. Each of nodes 131, 132 and 133 provides radio coverage in a respective cov-
erage arca 161, 162 and 163. As just one possible example, the node 131 may be a WLAN AP, node
132 may be a BS of an LTE cellular network and node 133 may be a UMTS Node B. Each of the
nodes 131, 132 and 133 transmits node identification information identifying the respective node. The
identification information may comprise an identifier. Namely, WLAN AP 131 may transmit a MAC

identifier, BS 132 an LTE Cell Identity and UMTS Node B 133 transmits a UTRAN Cell ID (UC-ID).

Mobile terminal 120 comprises several communication interfaces. It inter alia comprises a WLAN in-
terface, an LTE interface and a UMTS interface. By means of these interfaces, the mobile terminal 120

is capable of receiving the MAC identifier, the LTE Cell Identity and the UC-ID.

At server 140 of system 100 RMDSs are stored. Each RMDS comprises radio measurement values of a
radio parameter. The radio measurement values have been previously measured by mobile terminals
such as mobile terminal 120 and have then been reported to server 140. The radio measurement values
may for instance contain a received signal strength (RSS), e.g. measured in dBm, for instance with a
reference value of 1 mW, with or without the Doppler effect being averaged out therein, and/or path-
losses and/or timing measurement values like timing advance (TA), round-trip time (RTT) and/or prop-
agation delay, and/or an angle of arrival (AOA). Boolean radio measurement values are also possible,
e.g. a radio measurement value that indicates whether or not a specific location lies within the coverage

area of a specific communication network node.

Each radio measurement value is associated with location information. The location information may
for instance have been obtained by means of GNSS interfaces of the mobile terminals that have provid-
ed the radio measurement values. The location information specifies the location at which a radio
measurement value has been measured. Moreover, each radio measurement value is associated with
node identification information that identifies the communication network node to which the respective
radio measurement value pertains. The location information and the node identification information

may for instance have been reported to the server 140 together with the radio measurement values.

When a mobile terminal (such as mobile terminal 120) does not have GNSS capabilities, does not want
to use these capabilities or demands position information in addition to position information obtained by
means of GNSS signals, a positioning request may be provided to server 140. Server 140 may then
calculate coverage area and/or radio channel models for each of the nodes 131, 132 and 133 or only

some of these nodes based on one or several of the stored RMDSs. Alternatively, such models may
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have been calculated previously and may be stored at the server 140 so that they may be ready for ac-
cess when a mobile terminal 120 request a position estimate. These models may also be stored in the

form of RMDSs.

The server that calculates the models and the server to which actual radio measurement values have

been provided for generating RMDSs may be different entities.

The model taken or derived from the RMDS may for instance model the coverage area of nodes. The
coverage areas 161, 162 and 163 of nodes 131, 132 and 133 may for instance be modeled as ellipses.
Together with the positioning request, the mobile terminal 120 may provide node identification infor-
mation for all nodes that are presently observed by it, i.e. nodes 131, 132 and 133, to the server 140.
The position of the mobile terminal 120 may then be estimated as lying in the area of intersection, e.g.
in the center of the area of intersection, of the coverage area ellipses 161, 162 and 163 of the nodes

131, 132 and 133 observed by the mobile terminal 120.

As an alternative to coverage area models (or as an addition allowing more accurate position estima-
tion), the radio channel models may serve as a basis for determining a position based on, for instance, a
RSS and/or a path loss measured at the respective position by means of one or more radio interfaces of
the mobile terminal 120. A radio channel model may for instance describe how the power of a signal
emitted by a communication network node decays with increasing distance from the communication
network, for instance under consideration of further parameters as for instance the radio transmission
frequency. Now, if radio channel model information is available for an identified communication net-
work node, for instance if a strength of a signal from this communication network node as received at
the respective position (or, as another example, the path loss experienced by this signal) has been meas-
ured at that position, an estimate of the distance towards the communication network node can be de-
termined. According to this approach, the position of the mobile terminal 120 may be estimated as be-
ing located on an intersection of three arcs. The radius of each of these arcs is given by the respective
distance from the mobile terminal 120 to the respective communication network node 131, 132 or 133.
It is generally expected that the thus determined position of the mobile terminal 120 falls within the area
of intersection of coverage area ellipses 160, 161 and 162. However, due to estimation inaccuracies this

does not have to be the case.

Instead of providing node identification information of the nodes observed by mobile terminal 120
and/or radio measurement values such as RSS and/or a path loss measurements from the mobile termi-
nal 120 to the server 140, RMDSs or models derived therefrom may be provided to the mobile terminal

120 and the mobile terminal 120 may then itself determine its position.
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Fig. 2 is a flow chart illustrating a first embodiment of the method according to the first aspect of the
mvention. The method steps of the flow chart of Fig. 2 are performed by an apparatus, such as the ap-

paratus that is depicted in Fig. 13 which will be explained later in this specification.

Method step 201 comprises obtaining a frequency transformed radiomap data set by applying a discrete

frequency transform to an original radiomap data set.

The original RMDS comprises fingerprints, i.e. radio measurement values, associated location infor-
mation and associated node identification information identifying a communication network node asso-
ciated with the radio measurement values. The location information may for instance comprise discrete

coordinate sets of a uniform discrete coordinate grid.

The discrete frequency transform that is employed may be any frequency transform that can be applied
to a discrete set of fingerprints. The discrete frequency transform may for instance be the DFT, the

DCT, the STFT, the Z-Transform or the wavelet transform to name but a few examples.

By applying a discrete frequency transform to the original RMDS, a frequency transformed RMDS is
obtained. The original RMDS is likely to exhibit spatial correlations of at least some of it radio meas-
urement values. In particular, radio measurement values associated with nearby locations are often
strongly correlated. This property of the original RMDS may be exploited. By means of applying a
discrete frequency transformation to the original RMDS, a decorrelated representation of the original
RMDS in the form of the frequency transformed RMDS is obtained. Comparatively few transform
coefficients may suffice for representing the frequency transformed RMDS so that an inversely trans-
formed RMDS may still be quite true to the original RMDS. Due to the achieved compression, less
storage capacity may be required for storing the frequency transformed RMDS. Likewise transferring
the frequency transformed RMDS for position estimation, e.g. from server 140 to mobile terminal 120
in Fig. 1, may consume less network bandwidth and data over air, in turn resulting in reduced costs for
the user. Because of the reduced storage capacity requirements, the frequency transformed RMDS may
be stored in a mobile terminal, e.g. the mobile terminal 120 of Fig. 1 even if it has very limited storage
capacities. Consequently, estimating a position of the mobile terminal 120 based on the frequency
transformed RMDS may be performed offline, i.e. without the possibility of communicating with server

140.

Method steps 202 to 205 are considered optional. Therefore, they are marked by dashed lines in the
flow chart of Fig. 2.
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Method step 202 comprises storing the frequency transformed RMDS. The frequency transformed

RMDS may for instance be stored at the server 140 shown in Fig. 1.

Optional step 203 comprises providing the frequency transformed RMDS to another apparatus, €.g.

from the server 140 to the mobile terminal 120 shown in Fig. 1.

According to step 204, a reconstructed RMDS is obtained by applying an inverse discrete frequency
transform to the frequency transformed RMDS. If optional step 204 is performed by an apparatus that
has also performed step 201 and/or optional step 202, step 203 may be omitted. Once step 204 has
been executed, the reconstructed RMDS may serve as a basis for determining a position of an appa-

ratus, e.g. the mobile terminal 120 shown in Fig. 1.

In optional method step 205, a position of an apparatus is determined based on the reconstructed
RMDS. The apparatus for which the position is determined in step 205 may be the apparatus that per-
forms step 205 or it may be another apparatus from which node identification information and/or radio
measurement values have been provided to the apparatus that performs step 205. For example, in the
scenario depicted in Fig. 1, step 205 may be performed at the mobile terminal 120 and a position of the
mobile terminal 120 may be determined in that step. As an alternative, the position of mobile terminal
120 may be determined in step 205, but step 205 itself may be performed at the server 140. To this end,
node identification information of nodes observed by mobile terminal 120 and/or radio measurement

values measured by mobile terminal 120 may be transmitted from mobile terminal 120 to server 140.

Fig. 3 is a flow chart illustrating a first embodiment of the method according to the second aspect of the
mvention. The method steps of the flow chart of Fig. 3 are performed by an apparatus, such as the ap-

paratus that is depicted in Fig. 13 which will be explained later in this specification.

Step 301 is optional. It comprises receiving from another apparatus than the apparatus that executes
step 301 a frequency transformed RMDS obtained by applying a discrete frequency transform to an
original RMDS. In an exemplary scenario, step 301 may for instance be performed at mobile terminal

120 of Fig. 1 and the frequency transformed RMDS may be received from server 140.

Step 302 comprises obtaining a reconstructed RMDS by applying an inverse discrete frequency trans-

form to the frequency transformed RMDS.
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In optional method step 303, a position of an apparatus is determined based on the reconstructed

RMDS.

Fig. 4 is a flow chart illustrating a second embodiment of the method according to the first aspect of the
invention. The method steps of the flow chart of Fig. 2 are performed by an apparatus, such as the ap-

paratus that is depicted in Fig. 13 which will be explained later in this specification.

The embodiment of the a method according to the first aspect of the invention illustrated in Fig. 4 com-
prises generating an original RMDS that is suitable for applying a discrete frequency transform to it.
As a basis for generating the original RMDS, fingerprints that have actually been measured by a mo-
bile terminal, such as for instance mobile terminal 120 shown in Fig. 1, are used. The original RMDS
that is to be generated shall comprise radio measurement values, associated discrete coordinate sets of a
discrete uniform coordinate grid having a limited size as location information and associated node iden-
tification information. In the context of explaining the embodiment presently discussed, it is assumed
that an original RMDS is generated so that it comprises radio value measurement associated with only
one communication network node, i.e. all radio measurement values of the original RMDS are associat-

ed with the same node.

So as to be able to establish a relationship between the discrete coordinate sets of the discrete coordi-
nate grid of the original RMDS, reference location information is provided that enables mapping dis-
crete coordinate sets of the discrete coordinate grid to geographic locations, e.g. to a latitude and longi-
tude pair for a 2D original RMDS and to a latitude, longitude and elevation triple for a 3D original
RMDS. The reference location information may also be used for mapping geographical locations to

discrete coordinate sets of the discrete coordinate grid.

Actual Radio measurement values are likely not associated with locations that — taking into account the
reference location information — fall exactly on a valid discrete coordinate set, i.e. on a grid point, of the
discrete coordinate grid of the original RMDS. Therefore the embodiment of a method according to the
vention presently discussed comprises mapping all actual radio measurement values that are to form
part of the original RMDS to a discrete coordinate set of the discrete coordinate grid. Each radio meas-
urement value is mapped to the discrete coordinate set that— taking into account the reference location
information — is closest to the location at which it has been acquired. The mapped radio measurement
values then become associated with the respective discrete coordinate set they have been mapped to.
The mapping is performed in step 401. In the context of the discussed embodiment, a discrete coordi-
nate set may only be associated with not more than one radio measurement value of a specific type. If

in the course of generating the original RMDS several radio value measurements of the same type are
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to be mapped to the same grid point, the mean or median of these radio measurement values is associat-

ed with that grid point. Therein, weights may or may not be assigned to the radio measurement values.

Fig. 5 shows an example of a 2D discrete coordinate RMDS that has been obtained by mapping radio
measurement values 501 to valid discrete coordinates of a discrete coordinate grid 502, e.g. in step 401
shown in the flow chart of Fig. 4. It is assumed that the radio measurement values of the RMDS depict-
ed in Fig. 5 are RSS values measured in dBm. Radio measurement values representing a high RSS are

marked by a darker dot than those representing a lower RSS.

Each discrete coordinate set of the grid 502 consists of an x-coordinate and a y-coordinate. Only posi-
tive and negative integer coordinate values are permitted. For reasons of clarity, not each permitted

coordinate value is indicated by a line in Fig. 5.

Fig. 6 shows an example of a 3D discrete coordinate RMDS for a building that has been obtained by
mapping radio measurement values 601 to valid discrete coordinate sets of a discrete coordinate grid
602, e.g. in step 401 shown in the flow chart of Fig. 4. The planes 611, 612, 613 and 614 shown in
coordinate grid 602 illustrate floors of the building. Each discrete coordinate set consists of an x-
coordinate, a y-coordinate and a z-coordinate. Instead of the z-coordinate, a floor indicator, in particu-
lar the floor number may be used in the RMDS of Fig. 6. In this case, the 3D RMDS of Fig. 3 is lay-

ered. It may be considered as a set of several 2D RMDS, each comprising a floor indicator.

Although not depicted in a figure, the RMDS may also be a 4D RMDS. A 4D RMDS may be consid-
ered as an RMDS comprising radio measurement values associated with 3D location information, and

further comprising a time value, so that a temporal dependency of a radio environment may be modeled.

In the following an exemplary 2D RMDS is considered. The explanations given below however apply

accordingly to 3D and 4D RMDSs.

Returning to Fig. 5, it can be seen that not for each grid point, i.e. valid discrete coordinate set of the
discrete coordinate grid 502, a radio measurement value is available. It is however necessary for being
able to apply a discrete frequency transform that the discrete coordinate grid of an original RMDS in
the sense of the present invention is fully occupied. Generating an original RMDS suitable for applying
a discrete frequency transform thereto, therefore requires obtaining a radio measurement for each dis-
crete coordinate set of the discrete coordinate grid of the original RMDS. Assuming that an original

RMDS is to be generated based on the RMDS depicted in Fig. 5, radio measurement values thus have



10

15

20

25

30

35

WO 2015/024758 PCT/EP2014/066585
33

to be obtained for each discrete coordinate set that is not yet occupied. To this end, interpolation and

extrapolation are used according to the method illustrated in Fig. 4.

Prior to performing interpolation and extrapolation, outlier radio measurement values in the RMDS
shown in Fig. 5 are discarded in step 402. An outlier may for instance be defined as an actual radio
measurement value associated with a discrete coordinate set that exceeds a predetermined distance to
the center of gravity of all the actual radio measurement values of the respective RMDS. Alternatively,
an outlier could for instance be defined as an actual radio measurement value not having at least a pre-
determined number of actual radio measurement values associated with discrete coordinate sets within a
predetermined distance to the discrete coordinate set associated with the radio measurement value con-
sidered. A combination of the above two criteria may as well be applied as other criteria not mentioned
here. Based on these criteria, for instance radio measurement value 503 may be considered as an outlier
and may therefore be discarded. This is due to the fact that outliers may cause interpolation or extrapo-

lation problems.

Step 403 of the flow chart of Fig. 4 comprises obtaining radio measurement values, i.e. RSS values, by
means of linear interpolation. This is done for each discrete coordinate set of the discrete coordinate
grid of the original RMDS that is not yet occupied and for which calculating a radio measurement value
by means of linear interpolation is possible. One precondition for being able to apply linear interpola-
tion may be that sufficient radio measurement values associated with nearby discrete coordinate sets are
available. This is for instance often not the case for discrete coordinate sets located at the edges of the

discrete coordinate grid.

Linear interpolation is used because the radio measurement values considered here are RSS values
measured in dBm. As the RSS is linearly dependent on the propagation distance, i.e. the distance be-
tween the observing device, e.g. mobile terminal 120 in Fig. 1, and the respective observed communica-
tion network node, e.g. any of nodes 131, 132 or 133 in Fig. 1, linear interpolation is a particularly well
suited interpolation method and it allows obtaining high quality radio measurement values. The actual
nterpolation step may be preceded by a 2D Delaunay triangulation step serving for establishing a suit-
able basis for interpolation. Each interpolated radio measurement value is subsequently associated with

the respective grid point for which it has been obtained.

Fig. 7 shows the RMDS of Fig. 5 after having performed the interpolation step 403. It can be derived
from Fig. 7 that the discrete coordinate grid 702 has a limited size. The x-coordinate may only assume
integer values between -90 and +45 and the y-coordinate may only assume values between -25 and +35.

Hence the size of the discrete coordinate grid is 136 along the x-axis and 61 along the y-axis. The val-
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ues the discrete coordinates of the discrete coordinate grid 702 may assume are thus limited compared
to continuous coordinate values of a coordinate grid of the same size. Consequently, the overall number
of possible coordinate values is reduced. The number of fingerprints that have to be considered when
processing the RMDS illustrated in Fig. 7 is therefore also reduced. Hence, the amount of data that has
to be handled is also reduced. For generating the original RMDS, actual radio measurement values
shown in Fig. 5 that are associated with discrete coordinates that are out of the limits of discrete coor-
dinate grid 702 may be ignored. Alternatively, the size of discrete coordinate grid 702 may be chosen

such that each radio measurement value of Fig. 5 fits within.

In Fig. 7 radio measurement values representing a high RSS are again darker than those representing a
lower RSS. It can be seen that in a central area the discrete coordinate grid 702 is densely populated

with radio measurement values. As there is a radio measurement provided for each of the discrete coor-
dinate set falling within this area, the radio measurement values are not distinguishable. However, there

are still unoccupied areas, in particular at the edges of discrete coordinate grid 702.

In step 404 of the flow chart of Fig. 4, radio measurement values for a each discrete coordinate set of
the discrete coordinate grid 502 for which no radio measurement value has previously been calculated
by means of interpolation in step 403 is calculated by means of extrapolation. Thus, radio measurement
values are calculated for each remaining unoccupied discrete coordinate set of the discrete coordinate
grid 702. As the radio measurement values are RSS values measured in dBm, linear extrapolation is a
well suited interpolation method and is therefore employed. Namely, a gradient based linear extrapola-
tion approach is used since it is simple to implement yet effective. The gradients are calculated based on

the radio measurement values available after the completion of step 403.

Fig. 8 shows the RMDS of Fig. 7 with superposed radio measurement value gradients in the form of

arrows.

Fig. 9 shows the RMDS of Fig. 7 after having performed the extrapolation step 403. Discrete coordi-
nate grid 702 is now fully occupied. It is therefore possible to apply a discrete frequency transform to
the RMDS of Fig. 7, which constitutes the original RMDS subsequently considered. Together the steps

401 to 404 thus serve for generating an original RMDS in the sense of the present invention.

First resorting to interpolation for obtaining radio measurement values for discrete coordinate sets of
discrete coordinate grid 702 in step 403 and then resorting to extrapolation only for obtaining the still
missing radio measurement values for the remaining discrete coordinate sets in step 404 may yield rela-

tively good radio value estimates. This is because of the broader data basis considered, interpolation
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may tend to provide results closer to the radio measurement value that would have been obtained if an

actual measurement of the respective radio parameter were conducted than extrapolation may provide.

As an aside, in indoor 3D scenarios radio propagation properties may differ significantly in the horizon-
tal and the vertical direction since floor attenuation is often noticeably higher than wall attenuation. It
may thus be advisable to use a layered 3D original RMDS, i.e. a set of several 2D RMDSs (one for
each floor), and then employ floor-wise interpolation and/or extrapolation to fully occupy each 2D

RMDS thereof.

In addition or as an alternative to obtaining a radio measurement value for each discrete coordinate set
of the discrete coordinate grid by means of interpolation and extrapolation in steps 403 and 404, anoth-
er approach may be used. A radio measurement value, i.e. an RSS value in the context of the presently
discussed embodiment, may be calculated by means of a model of a radio parameter, i.e. RSS in the
present case, of a communication network node (the calculated RSS value thus reflecting the modeled
RSS parameter). This approach may prove helpful in terms of accuracy of a thus obtained radio meas-
urement values in comparison to a radio measurement value calculated according to other methods, ¢.g.
nterpolation or extrapolation. The RSS model may for instance be derived from the actually measured

RSS values 501 (see Fig. 5).

In the context of calculating a radio measurement value by means of a radio parameter model, the dis-
carding of outlier radio measurement values in step 402 may mean that a radio measurement value (or
several) of the radio measurement values 501 that differs significantly from several radio measurement
values associated with nearby discrete coordinate sets may be discarded. Such an outlier radio meas-
urement value may otherwise deteriorate the quality of a radio parameter model generated based on the
actual radio measurement values 501, in turn compromising the quality of a radio measurement value

calculated based on the parameter model.

In addition or as an alternative to obtaining a radio measurement value for each discrete coordinate set
of the discrete coordinate grid by means of interpolation, extrapolation and/or based on a radio parame-
ter model in steps 403 and 404, a further approach may be used. A radio measurement value, i.e. an
RSS value in the context of the presently discussed embodiment, for a discrete coordinate set (which is
unoccupied at that point) may be obtained by setting it to a predetermined value. According to the em-
bodiment presently discussed, if a radio measurement value, i.e. RSS value, is obtained by setting it to

a predetermined value, the predetermined value may for instance be -100 dBm.



10

15

20

25

30

WO 2015/024758 PCT/EP2014/066585
36

The quality of a frequency transformed RMDS obtained based on an original RMDS comprising radio
measurement values obtained by setting them to a predetermined value may still be acceptable. This
may be attributed to a low-pass filtering effect of the frequency transform, in particular if only a re-
duced number of transform coefficients is maintained as will be explained later with respect to step
406. Setting a radio measurement value to a predetermined value may require very low computational
effort and only little time to be performed, for instance compared to calculating a radio measurement

value by means of interpolation and/or extrapolation and/or based on a radio parameter model.

It is an option to obtain a radio measurement value for each unoccupied discrete coordinate set of the
discrete coordinate grid by means of setting them to a predetermined value. However, also the radio
measurement values of only one or some of the unoccupied discrete coordinate sets may be set to the
predetermined value in steps 403/404. Other unoccupied discrete coordinate sets may be occupied by
other means, e.g. by means of interpolation and/or extrapolation and/or based on a radio parameter

model.

Returning to the flow chart of Fig. 4, step 405 thercof comprises obtaining a frequency transformed
RMDS by applying a DCT to the original RMDS obtained when step 404 has been performed. DCT

may be used since all RSS values are real valued.

For an N-dimensional original RMDS comprising radio measurement values r associated with discrete
coordinate sets with the structure (no,ni,...,nx.1) so that n; refers to a discrete coordinate (with nj=[1,
N;j]), the N-dimensional DCT R(ko, ki,....kx.1)=R(k), wherein k=[ko,.. kx.1] is an index vector with
ki=[1, N;] which points to an element in the N-dimensional frequency transformed RMDS, may be cal-

culated based on the following equation:

No Ny
Riky kyseookoy ) = a)(ko)"'w(kal)z Z[r(noﬂnlﬂ“‘ﬂnN—l)(D(n09k09NO)'”(D(nN—lﬂkN—lﬂNN—l)]

=1 My 1=l

Therein,

d(n, k. ,N,)= cos{n(zn" — Dk, _1)}

2N,

and, with N; being the size of the j dimension of the RMDS,
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b

w(k;)= >
{— , otherwise
N;

According to step 406 of the flow chart of Fig. 4, only a reduced number of the transform coefficients
R(ko, ki,....kx.1) obtained in step 405 is maintained in the frequency transformed RMDS. Due to the
decorrelation property of the DCT, it may suffice to maintain not all of the obtained transform coeffi-
cients. Thereby, compression of the frequency transformed RMDS is achieved. The reduced number of
transform coefficients may suffice for representing the frequency transformed RMDS. The reconstruct-
ed RMDS may still be quite true to the original RMDS. Maintaining a reduced number of transform
coefficients also has a low pass filtering effect. As actual, interpolated and extrapolated radio meas-
urement values and thus the original RMDS tend to be noisy, the low pass effect may be very welcome.
It may even out the noise so that the reconstructed RMDS is potentially even less noisy than the origi-

nal RMDS.

The reduced number of transform coefficients to be maintained in the frequency transformed RMDS
may be a fixed number. Put differently, the number of maintained transform coefficients may be con-
stant each time the method of Fig. 4 is applied. By maintaining a fixed number of transform coeffi-
cients, for each frequency transformed RMDS the maintained set of transform coefficients may require
the same storage capacity when stored and the same transmission capacity when transmitted. This may
greatly simplify resource planning and resource allocation. However, as the spatial correlation of the
radio measurement values is not the same for every original RMDS, decorrelation by means of discrete
frequency transformation will also not work equally well in any case, i.e. the compression quality will
vary. Hence, for a fixed number of transform coefficients maintained, the quality of each reconstructed

RMDS will also vary.

However, instead of maintaining a fixed number of transform coefficients, step 406 may comprise
adapting the reduced number of transform coefficients to be maintained in the frequency transformed
RMDS to attain a predetermined quality of the frequency transformed RMDS. Fig. 4a shows a flow

chart illustrating this implementation of step 406 of the flow chart of Fig. 4 in more detail.

In the present example, the predetermined quality of the frequency transformed RMDS is a minimum
quality that has to be attained, i.e. the quality of the frequency transformed RMDS may be higher than

the minimum quality but usually not lower than it. Guaranteeing a predetermined quality for each fre-
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quency transformed RMDS — and thus for also for the reconstructed RMDSs — may help achieving
reliable position estimates based on the reconstructed RMDS. However, as each original RMDS is
different and decorrelation by means of discrete frequency transformation will also not work equally
well in any case, the number of transform coefficients has to be adapted. As a consequence, for each
frequency transformed RMDS the maintained set of transform coefficients is likely not to require the
same storage capacity when stored and the same transmission capacity when transmitted. To limit the
maximum storage and transmission capacity required, a maximum number of transform coefficients to

be maintained is set. In addition, a minimum of transform coefficients to be maintained is set.

Step 406-1 of the flow chart of Fig. 4a comprises selecting the minimum number of transform coeffi-
cients of the frequency transformed RMDS obtained in step 405. Assuming that M is the minimum
number of transform coefficients, according to step 406-1 the M transform coefficients are not arbitrar-
ily chosen but specific transform coefficients are selected. The selection criterion applied is that the
highest absolute value transform coefficients are selected so as to capture the biggest possible part of

signal energy of the original RMDS.

In step 406-2, a reconstructed RMDS is obtained by applying an inverse discrete frequency transform
to the frequency transformed RMDS taking into account however only the selected transform coeffi-

cients.

The original RMDS may have a better quality than the reconstructed RMDS. In particular, the quality
may have degraded due to having taken relatively few transform coefficients into account so as to
achieve a high data compression rate. So as to determine the quality of the reconstructed RMDS — and
thus also of the frequency transformed RMDS — the reconstructed RMDS obtained in step 406-2 is
then compared to the original RMDS in step 406-3. To this end reconstructed RMDS is subtracted
from the original RMDS by subtracting the RSS values associated with corresponding discrete coordi-
nate sets. The standard deviation of the difference between the original RMDS and the reconstructed
RMDS is then determined as an error indicator indicating an error of the reconstructed RMDS. As the
reconstructed RMDS has been derived from the frequency transformed RMDS, the error indicator is

thus also an indicator for the quality of the frequency transformed RMDS.

In step 406-4 of the flow chart of Fig. 4a, it is then checked if the desired minimum quality of the fre-
quency transformed RMDS is attained if the current number of transform coefficients is maintained. To
this end, it is checked if the error indicator does not exceed a certain threshold. If this is the case, the
currently selected transform coefficients are maintained in the frequency transformed RMDS as illus-

trated in step 406-5. It is then continued to step 407 of the flow chart of Fig. 4. If according to the error
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indicator the minimum quality of the frequency transformed RMDS is however not attained, one addi-
tional transform coefficient, i.e. the transform coefficient with the highest value of all remaining trans-

form coefficients, is selected in step 406-6.

Step 406-7 comprises checking if the maximum number of transform coefficients that may be main-
tained is already reached. If true, the control flow continues to step 406-5 and the presently selected
transform coefficients are maintained. A further quality check is obsolete since maintaining even more
transform coefficients in the frequency transformed RMDS is anyway not permitted. Yet, if the maxi-
mum number of transform coefficients has not been reached, execution of steps 406-2, 406-3 and 406-4
is repeated so as to find out if the minimum quality of the frequency transformed RMDS has been at-
tained by including the additional transform coefficient in step 406-7. It is then continued with execut-

ing steps 406-5 to 406-7 as described before.

The result of step 406 of the flow chart of Fig. 4 thus is that at least a minimum number of transform
coefficients is maintained in the frequency transformed RMDS. If a lower number of transform coeffi-
cients than the maximum number of transform coefficients is sufficient for attaining the desired mini-
mum quality, this number of transform coefficients is maintained. The number of transform coefficients
does however not fall under the prescribed minimum number. Otherwise, the maximum number of
transform coefficients is maintained. It is apparent from Fig. 4a that adapting the reduced number of
transform coefficients is based on the error indicator. The approach to determining the number of trans-
form coefficients to be maintained and to selecting specific transform coefficients described above with

respect to Fig. 4a may help obtaining a good ratio of compression and accuracy.

Fig. 10a shows a reconstructed RMDS obtained by applying an inverse discrete frequency transform to
a frequency transformed RMDS obtained by applying a discrete frequency transform to the RMDS
illustrated in Fig. 9, wherein a reduced number of 80 transform coefficients has been maintained in the
frequency transformed RMDS. The reconstructed RMDS of Fig. 10b is based on a frequency trans-
formed RMDS with only 40 transform coefficients, while Fig. 10c gives an impression of the result of
using 20 transform coefficients and Fig. 10d illustrates the result of using just 10 transform coeffi-

cients.

Comparing Fig. 9, Fig. 10a, Fig. 10b, Fig. 10c and Fig. 10d makes clear that the fewer transform coef-
ficients are taken into account, the less information from the original RMDS of Fig. 9 can be recon-

structed. While the reconstructed RMDS of Fig. 10a is still quite close to the original RMDS of Fig. 9,
the reconstructed RMDSs of Fig. 10b, Fig. 10c and Fig. 10d are much coarser. Details are lost. Reduc-
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ing the number of transform coefficients has a low pass filtering effect. This may be welcome to a cer-

tain degree, since the low pass filtering evens out noise in the original RMDS.

Fig. 11 illustrates the error of the reconstructed RMDS of Fig. 10b (40 transform coefficients main-
tained in the underlying frequency transformed RMDS) in comparison to the original RMDS of Fig. 9.
The horizontal axis indicates the error of the reconstructed RMDS, i.e. the difference between the origi-
nal RMDS and the reconstructed RMDS, measured in dB. The height of the bars 710 indicates the
probability density of the respective error on the vertical axis. Curve 720 is a fitted Gaussian distribu-
tion. The standard deviation of this Gaussian distribution may serve as an error indicator in steps 406-3

and 406-4 of the flow chart of Fig. 4a.

Returning to Fig. 4, once maintaining a reduced number of transform coefficients in step 406 has been
concluded, it is proceeded to step 407. Step 407 comprises applying run length encoding to the frequen-
cy transformed RMDS. Thereby, additional compression is achieved. In contrast to the approach of
compressing the original RMDS by applying a discrete frequency transform thereto and maintaining
only a reduced number of transform coefficients, run length encoding is a lossless compression method.
As only a reduced number of transform coefficients of the frequency transformed RMDS has been
maintained in step 406, the frequency transformed RMDS has transform coefficients that are zero and
may become sparse. According to the run length encoding applied, jumps denote transform coefficients
with value zero. The run length encoding used is therefore particularly well suited to the compression of
frequency transformed RMDSs. Having applied the run length encoding to the frequency transformed
RMDS and having compressed the frequency transformed RMDS by means of run length encoding, run
length decoding has of course to be applied before a reconstructed RMDS may be obtained.

Finally, in step 408, the run length encoded frequency transformed RMDS is stored together with the
error indicator determined in step 406, namely in step 406-3 (see Fig. 4a). The error indicator is stored
because it provides information on the quality of the frequency transformed RMDS and thus also on the
quality of a reconstructed RMDS that is obtained therefrom. The error indicator may be used in esti-

mating the uncertainty of a position estimate obtained based on the reconstructed RMDS.

Similar to the embodiment described in the flow chart of Fig. 2, steps such as providing the compressed
frequency transformed RMDS together with the error indicator to another apparatus, obtaining a recon-
structed RMDS by applying an inverse discrete frequency transform to the frequency transformed
RMDS (after decompression) and determining a position of an apparatus based on the reconstructed
RMDS may of course be performed subsequent to step 408 although not shown in the flow chart of
Fig. 4.
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An overview on the process of obtaining the reconstructed RMDS is given in the flow chart of Fig. 12.
This process may be considered as a second embodiment of the method according to the second aspect

of the invention.

Step 801 comprises run length decoding of the frequency transformed RMDS obtained in 408 of the
flow chart of Fig. 4.

In step 802, a zero valued RMDS is initialized. The RMDS comprises a discrete coordinate grid, the
dimensions of the discrete coordinate grid being No, NVi,..., Na1. The size of this discrete coordinate grid
is derived from information on the size of the discrete coordinate grid 702 of the original RMDS. This
size information has been taken from the original RMDS and has then been stored together with the
frequency transformed RMDS so that it is available for RMDS reconstruction. In initialization step
802, each of the discrete coordinate sets of the grid is associated with zero as an initial radio measure-

ment value. The thus obtained RMDS may be written as Riccov(K)=0.

Step 803 comprises inserting the non-zero DCT transform coefficients maintained in the frequency
transformed RMDS at their respective discrete coordinate sets in the discrete coordinate grid of the
RMDS generated in step 802. With the dimensions of the discrete coordinate grid being No, Mi,..., Na.1,
and R(k;) and k;j being the maintained DCT coefficients and their indices for j=0... Ncomponenss-1, this step
may be described as setting Riccov(kj) to R(k;j).

Having calculated the frequency transformed RMDS by applying a DCT to the original RMDS as ex-
plained with respect to step 405 of the flow chart of Fig. 4, the reconstructed RMDS may be obtained
by applying the IDCT to the RMDS after its initialization has been completed in step 803. This is done
in step 804.

The reconstructed RMDS 1(no,ny,. . .,nn.1) may be calculated according to the following equation:
No Ny
F(Mgs Ay By ) = Zkozl e szfl [w(ko) Oy ) Ryeo Uegs Koo oy YO (1, g N ) o @1y by g, Ny )]

Therein,

2N,

I

Dok, N,) = co{”@kf 1), - 1)}
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In optional step 804, the discrete coordinate sets of the reconstructed RMDS may be mapped to geo-
graphic locations, i.e. latitude and longitude pairs, based on reference location information. To this end,
the reference location information comprises information on the geographic location of a discrete coor-
dinate set located at a corner of the discrete coordinate grid and information on the geographical dis-
tance between neighboring valid discrete coordinate sets for each dimension of the discrete coordinate
grid. The reference location information has been taken from the original RMDS and then been stored
with the frequency transformed RMDS so that it is available when needed after RMDS reconstruction

for position estimation.

Optional step 804 may be omitted and the mapping to geographic locations (or from geographic loca-
tions to discrete coordinate sets) may be performed in the process of estimating a position based on the

reconstructed RMDS. This is assumed in the following example of a position estimation approach.

Position estimation may be performed as follows based on a reconstructed RMDS comprising RSS

reconstructed

values of a communication node i RSS; as radio measurement values and observed RSS values

RS Siobserved:

Assuming that n;() is a function that, using the stored reference location information, maps geographic
coordinate sets (x,y,z) to discrete coordinate sets of the discrete coordinate grid of the reconstructed
RMDS for node 1, and that 1;() is a radio measurement value of the reconstructed RMDS for that node,

the RSS of node i at the geographic coordinate set (x,y,z) may be written as

RSS-reconstmcted _ l’;(l’ll (x,y, Z)) + Wl. ]

I

Therein, w; is an error source. The error source w; is assumed as a Gaussian distributed random varia-
ble with variance o’ and it includes measurement uncertainty and the previously defined compression

observed

uncertainty as reflected by the error indicator. The likelihood of observing RSS; at the given loca-

tion (x,y,z) is thus given by

P(RSS. """ | x, v, ), which may then be calculated as follows:
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_ ( RSS, observed _ p o reconsiructred )Z

I

observe l
p(RSSz ’ ! |xayaZ): eXp 2
2nc’ 20

W w

This equation can be rewritten as

oxp| ZBSS™ ™ ey |

RSS-ObS@W@d x,9,2) =
P(RSS, | X, ¥,2) ool %0

Assuming that Nrgs nodes are observed, the maximum likelihood position estimate is given as

Ngss -1

(X,9,2)= max > log P(RSS.””™ | x,v,2) .
ol i=0

One considerable advantage of the RMDS based positioning is that it directly offers likelihood for each
discrete coordinate set within the limits of the discrete coordinate grid, and therefore, the shape of the

likelihood function is not restricted.

Fig. 13 shows a block diagram of an apparatus 900 according to an embodiment of the invention. The
apparatus 900 may represent an embodiment of the first or second apparatus according to the first as-
pect of the invention or an embodiment of the first or second apparatus according to the second aspect

of the invention.

Apparatus 900 may for instance be or form a part (e.g. as a module) of a mobile terminal, e.g. mobile
terminal 120 of Fig. 1, or of a server, e.g. server 140 of Fig. 1. Non-limiting examples of a mobile ter-
minal are a cellular phone, a personal digital assistant, a laptop computer, a tablet computer or a mul-

timedia player.

Apparatus 900 comprises a processor 960. Processor 960 may represent a single processor or two or
more processors, which are for instance at least partially coupled, for instance via a bus. Processor 960
executes a program code stored in program memory 910 (for instance program code causing apparatus
900 to perform one or more of the embodiments of a method according to the invention (as for instance
further described above with reference to the flow charts of Figs. 2, 3, 4, 4a and 12), when executed on
processor 960), and interfaces with a main memory 920. Some or all of memories 910 and 920 may
also be included into processor 960. One of or both of memories 910 and 920 may be fixedly connected
to processor 960 or at least partially removable from processor 960, for instance in the form of a
memory card or stick. Program memory 910 may for instance be a non-volatile memory. Examples of

such tangible storage media will be presented with respect to Fig. 14 below. It may for instance be a
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FLASH memory (or a part thereof), any of a ROM, PROM, EPROM and EEPROM memory (or a
part thereof) or a hard disc (or a part thereof), to name but a few examples. Program memory 910 may
also comprise an operating system for processor 960. Program memory 910 may for instance comprise
a first memory portion that is fixedly installed in apparatus 900, and a second memory portion that is
removable from apparatus 900, for instance in the form of a removable SD memory card. One or more
RMDSs that are processed or generated by apparatus 900 when executing one of the methods of the
present invention may for instance be stored in program memory 910. Main memory 920 may for in-
stance be a volatile memory. It may for instance be a RAM or DRAM memory, to give but a few non-
limiting examples. It may for instance be used as a working memory for processor 960 when executing

an operating system and/or programs.

Processor 960 may further control a communication interface 930 (or several communication interfac-
es) configured to receive and transmit radio signals. As communication interface 930 is an optional

component of apparatus 900, it is shown with dashed outlines.

For instance, if the apparatus 900 forms part of mobile terminal 120 of Fig. 1, communication interface
930 may be configured to identify nodes 131, 132 and 133 of system 100 of Fig. 1. It may in this case
also be used to measure radio parameters based on signals received from nodes 131, 132 and 133, i.e.
to obtain actual radio measurement values, and/or to exchange information with server 140 of system
100 or with other mobile terminals. The communication interface may in particular serve for transmit-
ting radio measurement values and node identification information from the mobile terminal 120 to the
server 140 if a position of the mobile terminal 120 is to be determined by the server 140. If position
estimation is performed at the mobile terminal 120, the mobile terminal 120 may use the communica-

tion interface 930 for receiving a frequency transformed (or reconstructed) RMDS from server 120.

If the apparatus is for instance part of the server 140 of Fig. 1, the communication interface 930 may
inter alia serve for receiving radio measurement values and for transmitting a position estimate or a

frequency transformed (or reconstructed) RMDS.

Communication interface 930 may for instance be a wireless communication interface. Communication
interface 930 may thus for instance comprise circuitry such as modulators, filters, mixers, switches
and/or one or more antennas to allow transmission and/or reception of signals. Communication inter-
face 930 may for instance be configured to allow communication in a 2G/3G/4G cellular communica-
tion network and/or a non-cellular communication network, such as for instance a WLAN network.

Nevertheless, communication interface 930 may also provide wire-bound communication capabilities.
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Processor 960 may further control an optional user interface 940 configured to present information to a

user of apparatus 900 and/or to receive information from such a user.

If the apparatus for instance forms part of a mobile terminal, e.g. mobile terminal 120 of Fig. 1, user
mterface may for instance present a position estimate to the user of the mobile terminal. User interface
940 may for instance be the standard user interface via which a user of apparatus 900 controls the

functionality thereof, such as making phone calls, browsing the Internet, etc.

Processor 20 may further control an optional GNSS interface 950 configured to receive positioning
information of an GNSS. A GNSS interface may in particular be provided if apparatus 900 forms part
of a mobile terminal, e.g. mobile terminal 120 of Fig. 1. It should be noted that, even in case apparatus
900 has a GNSS interface 950, the user of apparatus 900 (or the mobile terminal comprising apparatus
900) can still benefit from using RMDS-based positioning technologies, since these technologies may
allow for significantly reduced time-to-first-fix and/or lower power consumption as compared to
GNSS-based positioning. Also, and perhaps even more important, RMDS-based positioning technolo-
gies work indoors, which is generally a challenging environment for GNSS-based technologies. If op-
tional communication interface 930 and optional GNSS interface 950 both are provided in apparatus
900, apparatus 900 may be used to obtain fingerprints, i.¢. triples of actual radio measurement values,
node identification information and location information, and make them available for positioning pur-

poses.

The components 910-950 of apparatus 900 may for instance be connected with processor 960 by

means of one or more serial and/or parallel busses.

It is to be noted that the circuitry formed by the components of apparatus 900 may be implemented in
hardware alone, partially in hardware and in software, or in software only, as further described at the

end of this specification.

A step performed by apparatus 900 may preferably be understood such that corresponding program
code is stored in memory 910 and that the program code and the memory are configured to, with pro-
cessor 960, cause apparatus 900 to perform the step. Equally well, a step performed by apparatus 900
may preferably be understood such that apparatus 900 comprises according means for performing this
step. For instance, processor 960 together with memory 910 and the program code stored there and
together with memory 920 may be considered as means for applying a discrete frequency transform to
an original RMDS and thus as means for obtaining a frequency transformed RMDS by doing so if the

program code stored in memory 910 is selected accordingly. Likewise, processor 960 together with



10

15

20

25

30

35

WO 2015/024758 PCT/EP2014/066585
46
memory 910 and the program code stored there and together with memory 920 may be considered as
means for applying an inverse discrete frequency transform to a frequency transformed RMDS and thus
as means for obtaining a reconstructed RMDS by doing so if the program code stored in memory 910 is

selected accordingly.

When apparatus 900 performs a method according to the first or second aspect of the invention (e.g. a
method a further described above with reference to the flow charts of Figs. 2, 3, 4, 4a and 12) the appa-
ratus may thus be considered as an embodiment of the first or second apparatus according to the first
aspect of the invention or as an embodiment of the first or second apparatus according to the second
aspect of the invention, respectively. Likewise, the program memory 910 of apparatus 900, which may
in particular be a non-transitory storage medium, may be considered as an embodiment of a tangible
storage medium according to the first or the second aspect of the invention if corresponding computer

program code (for instance a set of instructions) is stored therein.

Fig. 14 schematically illustrates examples of tangible storage media according to the present invention
that may for instance be used to implement program memory 910 of Fig. 13. To this end, Fig. 14 dis-
plays a flash memory 1000, which may for instance be soldered or bonded to a printed circuit board, a
solid-state drive 1100 comprising a plurality of memory chips (e.g. Flash memory chips), a magnetic
hard drive 1200, a Secure Digital (SD) card 1300, a Universal Serial Bus (USB) memory stick 1400,
an optical storage medium 1500 (such as for instance a CD-ROM or DVD) and a magnetic storage

medium 1600.

Any presented connection in the described embodiments is to be understood in a way that the involved
components are operationally coupled. Thus, the connections can be direct or indirect with any number
or combination of intervening elements, and there may be merely a functional relationship between the

components.

Further, as used in this text, the term ‘circuitry’ refers to any of the following:

(a) hardware-only circuit implementations (such as implementations in only analog and/or digital cir-
cuitry)

(b) combinations of circuits and software (and/or firmware), such as: (i) to a combination of proces-
sor(s) or (ii) to portions of processor(s)/ software (including digital signal processor(s)), software, and
memory(ies) that work together to cause an apparatus, such as a mobile phone, to perform various
functions) and

(c) to circuits, such as a microprocessor(s) or a portion of a microprocessor(s), that require software or

firmware for operation, even if the software or firmware is not physically present.
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This definition of ‘circuitry’ applies to all uses of this term in this text, including in any claims. As a
further example, as used in this text, the term ‘circuitry’ also covers an implementation of merely a
processor (or multiple processors) or portion of a processor and its (or their) accompanying software
and/or firmware. The term ‘circuitry’ also covers, for example, a baseband integrated circuit or appli-

cations processor integrated circuit for a mobile phone.

Any of the processors mentioned in this text, in particular but not limited to processors 960 of Fig. 13,
could be a processor of any suitable type. Any processor may comprise but is not limited to one or
more microprocessors, one or more processor(s) with accompanying digital signal processor(s), one or
more processor(s) without accompanying digital signal processor(s), one or more special-purpose com-
puter chips, one or more field-programmable gate arrays (FPGAS), one or more controllers, one or
more application-specific integrated circuits (ASICS), or one or more computer(s). The relevant struc-

ture/hardware has been programmed in such a way to carry out the described function.

Moreover, any of the actions described or illustrated herein may be implemented using executable in-
structions in a general-purpose or special-purpose processor and stored on a computer-readable storage
medium (e.g., disk, memory, or the like) to be executed by such a processor. References to ‘computer-
readable storage medium’ should be understood to encompass specialized circuits such as FPGAs,

ASICs, signal processing devices, and other devices.

It will be understood that all presented embodiments are only exemplary, and that any feature presented
for a particular exemplary embodiment may be used with any aspect of the invention on its own or in
combination with any feature presented for the same or another particular exemplary embodiment
and/or in combination with any other feature not mentioned. It will further be understood that any fea-
ture presented for an example embodiment in a particular category may also be used in a corresponding

manner in an example embodiment of any other category.
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CLAIMS

1.

10.

A method performed by an apparatus, the method comprising obtaining a frequency transformed

radiomap data set by applying a discrete frequency transform to an original radiomap data set.

The method according to claim 1, further comprising obtaining a reconstructed radiomap data set
by applying an inverse discrete frequency transform to the frequency transformed radiomap data

set.

The method according to claim 2, further comprising determining a position of another apparatus

based on the reconstructed radiomap data set.

The method according to any of claims 1-3, further comprising providing the frequency trans-

formed radiomap data set to another apparatus.

The method according to any of the claims 1-4, wherein the discrete frequency transform is the

Discrete Cosine Transform.

The method according to any of the claims 1-5, wherein the original radiomap data set comprises

radio measurement values and associated discrete coordinate sets of a discrete coordinate grid.

The method according to claim 6, wherein the original radiomap data set comprises information

on the size of the discrete coordinate grid.

The method according to any of the claims 6-7, wherein the original radiomap data set comprises

reference location information for the discrete coordinate grid.

The method according to any of the claims 6-8, further comprising generating the original radio-

map data set.

The method according to claim 9, wherein generating the original radiomap data set comprises

mapping a radio measurement value to a discrete coordinate set of the discrete coordinate grid.
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The method according to any of the claims 9-10, wherein generating the original radiomap data
set comprises obtaining a radio measurement value for each discrete coordinate set of the discrete

coordinate grid

The method according to claim 11, wherein obtaining a radio measurement for each discrete
coordinate set of the discrete coordinate grid comprises calculating a radio measurement value

for a discrete coordinate set of the discrete coordinate grid by means of interpolation.

The method according to claim 12, wherein the radio measurement value is calculated by means

of linear interpolation

The method according to any of claims 11-13, wherein obtaining a radio measurement for each
discrete coordinate set of the discrete coordinate grid comprises calculating a radio measurement

value for a discrete coordinate set of the discrete coordinate grid by means of extrapolation.

The method according to claim 14, wherein the radio measurement value is calculated by means

of linear extrapolation.

The method according to claim 15, wherein linear extrapolation is based on gradients of availa-

ble radio measurement values.

The method according to any of claim 12-13 and any of claims 14-16, wherein obtaining a radio
measurement value for each discrete coordinate set of the discrete coordinate grid comprises first
calculating a radio measurement value for a discrete coordinate set of the discrete coordinate grid
by means of interpolation and subsequently calculating a radio measurement value for a discrete

coordinate set of the discrete coordinate grid by means of extrapolation.

The method according to any of claims 11-17, wherein at least one radio measurement value
measured by means of a radio interface is discarded in the process of obtaining a radio measure-

ment value for each discrete coordinate set of the discrete coordinate grid.

The method according to any of claims 11-18, wherein obtaining a radio measurement for cach
discrete coordinate set of the discrete coordinate grid comprises calculating a radio measurement
value for a discrete coordinate set of the discrete coordinate grid by means of a model of a radio
parameter of a communication network node, the radio measurement value reflecting the radio

parameter.
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The method according to any of claims 11-19, wherein obtaining a radio measurement for each
discrete coordinate set of the discrete coordinate grid comprises setting a radio measurement val-

ue to a predetermined value.

The method according to any of the claims 1-20, further comprising determining an error indica-
tor indicating an error of a reconstructed radiomap data set, the reconstructed radiomap data set
obtained by applying an inverse discrete frequency transform to the frequency transformed radi-
omap data set, by comparing the reconstructed radio map data set to the original radiomap data

set.

The method according to any of the claims 1-21, comprising maintaining a reduced number of
transform coefficients obtained by applying the discrete frequency transform to the original radi-

omap data set in the frequency transformed radiomap data set.

The method according to claim 22, wherein the reduced number of transform coefficients to be

maintained in the frequency transformed radiomap data set is a fixed number.

The method according to claim 22, wherein the reduced number of transform coefficients to be
maintained in the frequency transformed radiomap data set is adapted to attain a predetermined

quality of the frequency transformed radiomap data set.

The method according to claims 21 and 24, wherein adapting the reduced number of transform

coefficients is based on the error indicator.

The method according to any of the claims 22-25, further comprising selecting specific transform

coefficients to be maintained in the frequency transformed radiomap data set.

The method according to any of the claims 1-26, further comprising applying lossless data com-

pression to the frequency transformed radiomap data set.

A method performed by an apparatus, the method comprising obtaining a reconstructed radio-
map data set by applying an inverse discrete frequency transform to a frequency transformed ra-

diomap data set.
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The method according to claim 28, further comprising determining a position of another appa-

ratus based on the reconstructed radiomap data set.

A computer program code, the computer program code when executed by a processor causing an

apparatus to perform the actions of the method of any of claims 1-29.

A computer readable storage medium in which computer program code according to claim 30 is

stored.

An apparatus configured to realize or comprising respective means for realizing the method of

any of the claims 1-29.

An apparatus comprising at least one processor and at least one memory including computer
program code, the at least one memory and the computer program code configured to, with the at

least one processor, cause an apparatus at least to perform the method of any of the claims 1-29.
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