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1
DISTANCE ESTIMATION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

The mvention relates to an apparatus and method for esti-
mating the distance between a transmitter and a recerver.

BACKGROUND

In many situations it 1s 1mportant to find a lost object,
person or animal. If a small radio-frequency (RF) transmaitter

1s attached to a dog’s leash or to a chuld’s clothes or wrist, for
example, the signal can be used to find the missing dog or

child.

Known methods are available to determine the direction of
arrival (DoA) ol an incoming signal, and thereby the direction
in which the transmitter can be found, and to determine the
distance to the transmaitter.

Received power can be used to estimate the distance

between the transmitter and receiver. A benefit of methods
based on recerved power 1s that hardware and signal process-
ing requirements are minmimised. However, the recerved
power depends on the transmitted power, antenna gains, and
the environment through which the signal propagates.
Because of the influence of the environment, the relationship
between the recerved power and the distance between trans-
mitter and receiver 1s not straightforward, such that 1t 1s dii-
ficult to obtain an accurate estimate. The distance can be
estimated most accurately when there 1s a line-of-sight (LOS)
between the transmitter and recerver. In this case, the average
received power decreases approximately relative to the dis-
tance squared.

Methods based on received power may mvolve pathloss,
which 1s related to recerved power after removing fast fading.
(Received power 1s equal to transmitted power, plus path loss,
plus slow fading, plus fast fading. Fast fading can be removed
rather easily; slow fading 1s more diflicult.)

A commonly-used model for pathloss (PL) 1s

PL=-10+-log,q(r)+PL, (1)

where r 1s the distance between transmitter and recerver, v 1s
a pathloss exponent, and PL 1s the pathloss at a given dis-
tance, for example 1 m.

Utilising this model has some problems caused by propa-
gation distortion. Objects like buildings or walls between the
transmitter and receiver attenuate the signal, and this attenu-
ation (shadow fading) does not depend directly on distance.

Other distance-estimation methods use the phase of the
received signal or a propagation delay between the transmit-
ter and recerver. However, such methods require very accu-
rate time synchronisation between the transmitter and
receirver, which 1s not feasible with standard hardware.
Another distance-estimation method 1s to have a GPS
receiver at each of the transmitter and receiver and a commu-
nication method to exchange coordinates.

The listing or discussion of a prior-published document 1n
this specification should not necessarily be taken as an
acknowledgement that the document 1s part of the state of the
art or 1s common general knowledge.

SUMMARY

According to a first aspect of the invention, there 1s pro-
vided a method comprising
obtaining a signal from a recerver;
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2

determiming whether the signal more likely propagated
through a line-of-sight (LOS) radio channel or a non-
line-of-sight (NLOS) radio channel;

using a model including parameters selected according to

the radio channel to estimate the distance between the
receiver and a transmitter which sent the signal.

The term “obtaining” relates to the acquisition of the signal
and/or properties of the signal to the extent that 1t can be used
in the rest of the claimed operations.

By “more likely” 1s meant that the probabaility of the signal
having propagated through one of an LOS and an NLOS radio
channel 1s higher than the probability of the signal having
propagated through the other of an LOS and an NLOS radio
channel. In practice, the determination of which path may be
made by the setting of thresholds for signal parameters at
appropriate points. The thresholds may be set theoretically or
empirically.

Determining the radio channel may include identifying
characteristics of the received signal and comparing the 1den-
tified characteristics to characteristics typical of LOS or
NLOS signals. The phrase “identifying characteristics™
relates to the obtaining of signal parameters.

The characteristics may include any one or more of fading,
characteristics, power delay profile, Doppler spectrum char-
acteristics, angular power spectrum.

The receiver may comprise a multiantenna recerver. Deter-
mining the radio propagation channel may include perform-
ing spatial signal processing on the signal obtained from the
multiantenna receiver.

Determining the radio propagation channel may include
determining antenna power variance, and comparing the
determined antenna power variance to an antenna power vari-
ance typical of LOS or NLOS signals. Additionally or alter-
natively, determining the radio channel may include deter-
mining an angular power spectrum, and comparing the
determined angular power spectrum to an angular power
spectrum typical of LOS or NLOS signals.

Determining the radio channel may include identitying
fading characteristics of the signal and comparing the fading
characteristics to known fading characteristics of LOS and/or
NLOS signals.

The method may include determining that the radio propa-
gation channel 1s more likely to be an NLOS channel than an
L.OS channel 1n response to a depth of a fade meeting a
predetermined threshold (i.e. deeper fades), or determiming
that the channel 1s more likely to be an LOS channel than an
NLOS channel inresponse to a depth of a fade not meeting the
predetermined threshold (1.e. shallower fades).

In one embodiment, a threshold 1s met if a value 1s equal to
or above the threshold, and not met 1f the value 1s below the
threshold. In another embodiment, a threshold 1s met if a
value 1s above the threshold, and not met if the value 1s equal
to or below the threshold. In another embodiment, a threshold
1s met 11 a value 1s above the threshold and not met 11 the value
1s below the threshold.

The method may include determining that the radio chan-
nel 1s more likely to be an NLOS channel than an LOS
channel in response to 1identifying Rayleigh-type fading char-
acteristics in the signal, or determining that the channel 1s
more likely to be an LOS channel than an NLOS channel in
response to identifying Rice-type fading characteristics in the
signal.

Determining the radio channel may include determining an
angular power spectrum of the signal and comparing the
angular power spectrum to known angular power spectrums

of LOS and/or NLOS signals.
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The method may include calculating a ratio of the values of
the highest peak to the second highest peak in the angular
power spectrum of the signal, and comparing the ratio to a
predetermined threshold.

The method may include determining that the radio chan-
nel 1s more likely to be an LOS channel than an NLOS
channel 1n response to the ratio meeting the predetermined
threshold.

The method may include determining that the radio chan-
nel 1s more likely to be an NLOS channel than an LOS
channel 1n response to the ratio not meeting the predeter-
mined threshold.

Determining the radio channel may include determining a
power delay profile of the signal and comparing the profile to
known power delay profiles of LOS and/or NLOS signals.

The method may include comparing the power level of a
first tap to the power levels of other taps 1n the power delay
profile.

The method may include determining that the radio chan-
nel 1s more likely to be an LOS channel than an NLOS
channel 1n response to the first tap having the highest power
level.

The method may include determining that the radio chan-
nel 1s more likely to be an NLOS channel than an LOS
channel 1n response to the first tap not having the highest
power level.

The method may include comparing the fading character-
1stics of the first tap to the known fading characteristics of
LOS and/or NLOS signals.

The method may include determining that the radio chan-
nel 1s more likely to be an NLOS channel than an LOS
channel in response to 1identitying Rayleigh-type fading char-
acteristics 1n the first tap.

The method may include determining that the radio chan-
nel 1s more likely to be an LOS channel than an NLOS
channel 1n response to 1dentitying Rice-type fading charac-
teristics 1n the first tap.

Determining the radio channel may include determining a
Doppler spectrum of the signal and comparing the Doppler
spectrum to known Doppler spectrums of LOS and/or NLOS
signals.

The method may include determining that the radio chan-
nel 1s more likely to be an LOS channel than an NLOS
channel 1n response to detecting a dominant peak 1n the Dop-
pler spectrum.

The method may include determining that the radio chan-
nel 1s more likely to be an to NLOS channel than an LOS
channel 1n response to detecting the absence of a dominant
peak 1n the Doppler spectrum.

According to a second aspect of the mnvention, there 1s
provided an apparatus comprising

a recerver arranged to obtain a signal;

processing circuitry arranged to determine whether the

signal more likely propagated through a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)
radio channel;

the processing circuitry being further arranged to use a

model including parameters selected according to the
radio channel to estimate the distance between the
receiver and a transmitter which sent the signal.

The processing circuitry may be arranged to determine the
radio channel by i1dentifying characteristics of the received
signal and comparing the 1dentified characteristics to charac-
teristics typical of LOS or NLOS signals.

The characteristics may include any one or more of fading
characteristics, power delay profile, Doppler spectrum char-
acteristics, angular power spectrum.
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The receiver may comprise a multiantenna receiver. The
processing circuitry may be arranged to determine the radio
channel by performing spatial signal processing on the signal
obtained from the multiantenna recerver.

The processing circuitry may be arranged to determine
antenna power variance, and to compare the determined
antenna power variance to an antenna power variance typical
of LOS or NLOS signals. Additionally or alternatively, the
processing circuitry may be arranged to determine an angular
power spectrum, and to compare the determined angular
power spectrum to an angular power spectrum typical of LOS

or NLOS signals.

The processing circuitry may be arranged to determine the
radio channel by identifying fading characteristics of the
signal and comparing the fading characteristics to known
tading characteristics of LOS and/or NLOS signals.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel 1in response to a depth of a fade meeting a
predetermined threshold, and to determine that the radio
channel 1s more likely to be an LOS channel than an NLOS
channel 1n response to a depth of a fade not meeting the
predetermined threshold.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel 1n response to i1dentifying Rayleigh-type
fading characteristics in the signal.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an LOS channel than an
NLOS channel 1in response to identifying Rice-type fading
characteristics 1n the signal.

The processing circuitry may be arranged to determine the
radio channel by determining an angular power spectrum of
the signal and comparing the angular power spectrum to
known angular power spectrums of LOS and/or NLOS sig-
nals.

The processing circuitry may be arranged to calculate a
ratio of the values of the highest peak to the second highest
peak 1 the angular power spectrum of the signal, and to
compare the ratio to a predetermined threshold.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an LOS channel than an
NLOS channel in response to the ratio meeting the predeter-

ined threshold.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel in response to the ratio not meeting the
predetermined threshold.

The processing circuitry may be arranged to determine the
radio channel by determining a power delay profile of the
signal and comparing the profile to known power delay pro-
files of LOS and/or NLOS signals.

The processing circuitry may be arranged to compare the
power level of a first tap to the power levels of other taps in the
power delay profiile.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an LOS channel than an
NLOS channel 1n response to the first tap having the highest
power level.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel in response to the first tap not having the
highest power level.

The processing circuitry may be arranged to compare the
fading characteristics of the first tap to the known fading
characteristics of LOS and/or NLOS signals.
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The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel 1n response to a depth of a fade meeting a
predetermined threshold, and to determine that the radio
channel 1s more likely to be an LOS channel than an NLOS
channel in response to a depth of a fade not meeting the
predetermined threshold.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel in response to i1dentifying Rayleigh-type
fading characteristics in the first tap.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an LOS channel than an
NLOS channel 1 response to identifying Rice-type fading
characteristics 1n the first tap.

The processing circuitry may be arranged to determine the
radio channel by determining a Doppler spectrum of the
signal and comparing the Doppler spectrum to known Dop-
pler spectrums of LOS and/or NLOS signals.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an LOS channel than an
NLOS channel in response to detecting a dominant peak in
the Doppler spectrum.

The processing circuitry may be arranged to determine that
the radio channel 1s more likely to be an NLOS channel than
an LOS channel 1n response to detecting the absence of a
dominant peak 1n the Doppler spectrum.

According to a third aspect of the invention, there 1s pro-
vided a method comprising
the step of obtaining a signal from a receiver;
the step of determining whether the signal more likely

propagated through a line-of-sight (LOS) radio channel

or a non-line-of-sight (NLOS) radio channel;

the step of using a model including parameters selected

according to the radio channel to estimate the distance
between the recerver and a transmitter which sent the
signal.

According to a fourth aspect of the invention, there 1s
provided an apparatus comprising

means for obtaining a signal;

means for determining whether the signal more likely

propagated through a line-of-sight (LOS) radio channel
or a non-line-of-sight (NLOS) radio channel;

means for using a model including parameters selected

according to the radio channel to estimate the distance
between the receiver and a transmitter which sent the
signal.

According to a fifth aspect of the invention, there 1s pro-
vided a computer program comprising code portions
arranged to perform the method of the first aspect.

According to a sixth aspect of the invention, there 1s pro-
vided a computer program comprising

a code portion for obtaining a signal;

a code portion for determining whether the signal more
likely propagated through a line-of-sight (LOS) envi-
ronment or a non-line-of-sight (NLOS) radio channel;

a code portion for using a model including parameters
selected according to the radio channel to estimate the
distance between the receiver and a transmitter which
sent the signal.

The computer code may be recorded on a carrier, including

read and/or read/write memory.

According to a seventh aspect, there 1s provided a computer
program comprising program code means adapted to perform
any of the steps of the first or third aspects when the program
1S run on a processor.
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According to an eighth aspect, there 1s provided a computer
program product comprising program code means stored in a
computer-readable medium, the program code means being
adapted to perform any of the steps of the first or third aspects
when the program 1s run on a processor.

Any aspect of the mvention may be used 1n conjunction
with a multiantenna receiver.

Any circuitry may include one or more processors, memo-
ries and bus lines. One or more of the circuitries described
may share circuitry elements.

The present invention includes one or more aspects,
embodiments or features 1n 1solation or 1n various combina-
tions whether or not specifically stated (including claimed) in
that combination or in 1solation.

BRIEF DESCRIPTION OF THE DRAWINGS

A description 1s now given, by way of example only, with
reference to the accompanying drawings, 1n which:—

FIG. 1 shows distance-estimation apparatus;

FIG. 2 shows an example of an angular power spectrum
(APS) of an incoming signal and the power difference of two
peaks 1n the APS;

FIG. 3 shows pathloss as a function of the distance between
a mobile and a base station, calculated along the streets 1n a
microcellular Manhattan grid environment;

FIG. 4 shows examples of power delay profiles (PDPs)
measured in LOS and NLOS radio channels;

FIG. 5 shows the average magmitude of power variations of
a first tap compared to an average power;

FIG. 6 1s a flowchart representing a method.

DETAILED DESCRIPTION

FIG. 1 shows distance-estimation apparatus 10 including a
receiver 12 and processing circuitry 14. The receiver 12 1s
connected to an antenna 16. In use, the processing circuitry 14
measures the received power of a signal, and removes the fast
fading by averaging. The processing circuitry 14 detects fea-
tures of the signal to obtain information on propagation con-
ditions. In particular, the processing circuitry 14 operates to
determine from the detected features whether or not it is likely
that there 1s a line-of-sight between a transmitter (not shown)
which sent the signal and the receiver 12. Using that infor-
mation, the processing circuitry 14 selects an appropnate
pathloss model to estimate the distance of the transmitter
using the recerved power.

Line-of-sight (LOS) and non line-of-sight (NLOS) signals
differ from each other mm many ways. In LOS cases, there
exists a direct path from the transmitter to the receiver. In
NLOS cases, most signal energy 1s usually coming though
reflections, diffraction and scattering from objects in the
vicinity. The direct path in NLOS cases penetrates buildings
or other obstacles, and 1s thus attenuated. This fundamental
difference can be seen 1n the properties of the recerved signal.

By obtaining information on the radio propagation channel
and using that for the selection of a proper pathloss model for
cach of the LOS and NLOS cases, the error caused by propa-
gation distortion 1s minimised. Different values for the con-
stants y and PL, 1n the pathloss calculation

PLZ—IU'Y'ngm(r)+PL0 (1)

can be used depending on the radio channel, thereby improv-
ing the distance-estimation accuracy.

Inspecting the properties of the recerved signals from the
antenna elements of the multiantenna 16 reveals information

on the radio propagation channel, as will be described.
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Multipath radio propagation results 1 the spreading of
signal power 1n time (delay) and space (angle) dimensions,
Moreover, movement of the transmaitter or receiver 12 causes
spreading in the frequency dimension. Spreading in the delay
dimension can be utilised to detect the presence of a dominant
signal component, caused by a direct line-of-sight (LOS)
propagation path. However, signal spreading in the delay
dimension can only be observed 11 the transmitted signal has
a wide bandwidth, which 1s not the case 1n systems based on
Bluetooth or Wibree, for example. Additionally, observing
the signal spreading 1n frequency dimension requires that one
or more of the transmitter, the receiver or scattering objects 1n
the environment are moving.

Inspecting the received signal in spatial (or angular)
dimension reveals information about the spatial coherence of
the radio channel. The processing circuitry 14 1s arranged to
utilise the information of signals from the multiantenna 16 in
spatial signal processing methods, which include the use of
one or more of antenna power variance and an angular power
spectrum.

The received power information from the antenna elements
of the multiantenna 16 can be averaged to obtain a more
reliable estimate of the recetved power and thus the distance.
This relates to the fact that signal fading due to multipath
propagation 1s different in the multiple antenna elements.

One method of determining whether the signal more likely
propagated through an LOS radio channel or an NLOS radio
channel involves the use of fading statistics. Fading in an LOS
channel 1s Rice-distributed, whereas fading in an NLOS
channel 1s Rayleigh-distributed. Rayleigh-distributed fading
involves deeper fading dips, because of the absence of a direct
component. This difference 1s used by the apparatus 10 as a
distinguishung criterion. The processing circuitry 14 1s
arranged to calculate an average value of the fading dips and
to compare the average value with a predetermined threshold.
The processing circuitry 14 1s arranged to determine that the
radio channel 1s more likely an NLOS channel 1n response to
the average value meeting the predetermined threshold (1.e.
deeper fading dips), and to determine that the radio channel 1s
more likely an LOS channel 1n response to the average value
not meeting the predetermined threshold (1.e. shallower fad-
ing dips). The depth of the fade can be calculated as the
received power when the signal 1s fading versus the average
received power. Fading can be observed both 1in time and
space dimensions. If one or more of the transmitter, the
receiver or scattering objects in the environment moves, the
received signal strength measured at the output of each
antenna element varies depending on the radio channel as a
function of time. In a time-invariant case, the fading 1is
observed by comparing the powers received by the antenna
clements (assuming that the radiation patterns of the antenna
clements are identical). This information may be used, as
explained below, 1n conjunction with the APS, and/or by
comparing the variance of the signal power/amplitude
between antenna elements to a threshold. Smaller variance
indicates a probable LOS radio channel (assuming identical
radiation patterns).

Another method of determiming whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel involves the use of an annular power spectrum
(APS), an example of which i1s shown 1n FI1G. 2. The process-
ing circuitry 14 1s arranged to determine of the APS of the
received signal. The processing circuitry 14 may use the APS
for direction tracking purposes in addition to distance estima-
tion. The processing circuitry 14 is arranged to search local
maxima of the APS. In an LOS channel, the signal power 1s
mainly coming from the direction of the transmitter, resulting,
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in a high peak in the APS. If there 1s no direct signal compo-
nent present (1.e. the channel 1s an NLOS channel), the power
1s probably distributed more evenly 1n the angular domain.
This means that 1n an LOS radio channel the ratio between the
highest and the second highest peak 1n the APS, or the height
of the strongest peak versus total (or average) power, 1s bigger
than in an NLOS radio channel. The processing circuitry 14 1s
arranged to compare the ratio between the highest and second
highest peak 1n the APS with a predetermined threshold. The
processing circuitry 14 1s arranged to determine that the radio
channel 1s more likely an LOS radio channel in response to
the ratio meeting the predetermined threshold, and to deter-
mine that the radio channel 1s more likely an NLOS radio
channel 1n response to the ratio not meeting the predeter-
mined threshold.

A further method of determining whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel mvolves the use of the variation of the total
signal power. Signals sufler from fading due to multipath
propagation, and this fading 1s most severe when there 1s no
dominant signal component, such as in NLOS cases. In
NLOS cases, the fades can be easily 10 dB or more deep
compared to average signal strength, whereas 1n LOS cases
the power variance 1s typically only a couple of decibels.
Observing the fading statistics gives information of the chan-
nel conditions.

A further method of determining whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel involves the use of the power of the first tap
compared to other taps. In the case that the transmitted signal
has a wide bandwidth, the receiver 12 may have a channel
estimation block (not shown) capable of estimating the chan-
nel delay dispersion, 1.¢. the power delay profile (PDP) of the
channel. In LOS cases, the averaged power delay profile has
the highest peak at the beginning, 1.e. the LOS component 1s
always stronger than any of the multipaths that arrive to the
receiver 12 via reflections or diffractions from obstacles.

A further method of determining whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel involves the use of the variation of the power in
the first tap. If the shape of the power delay profile alone 1snot
a reliable indicator, combining it with power variation mea-
surements improves accuracy. l.e. observing the fading sta-
tistics of the first tap 1n the power delay profile gives an
indication of the radio channel. The fading-based method
described above may be used.

A further method of determining whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel involves the use of the shape of a Doppler
spectrum. In the case that LOS exists between transmitter and
receiver. there 1s one dominant peak 1 the Doppler spectrum
of therecerved signal, which can be computed by the process-
ing circuitry 14. The dominant peak also has a relatively
constant Doppler frequency shift when observed over a rela-
tively short period of time. Thus, by calculating the Doppler
spectrum of the total signal and/or first tap and/or highest APS
peak, and comparing the frequency variations to a threshold,
L.OS and NLOS radio channels can be distinguished. Varia-
tions which meet the threshold indicate a probable NLOS
radio channel, whereas those which do not meet the threshold
indicate a probable LOS radio channel.

A further method of determining whether the signal more
likely propagated through an LOS radio channel or an NLOS
radio channel involves the use of the power variations 1n the
strongest peak in the APS. The method based on variation 1n
the power of the first tap could be applied 1n the angular
domain. This method involves observing the depth of the
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fades of the highest peak (1.e. how much the power of the
highest peak varies as a function of time), and compare the
depth to a threshold. The processing circuitry 14 1s arranged
to calculate an average value of the fading dips and to com-
pare the average value with a predetermined threshold. The
processing circuitry 14 1s arranged to determine that the radio
channel 1s more likely an NLOS radio channel in response to
the average value meeting the predetermined threshold (1.e.
deeper fades), and to determine that the radio channel 1s more
likely an LOS radio channel in response to the average value
not meeting the predetermined threshold (1.e. shallower
tades). The depth of the fade can be calculated as the recerved
power when the signal 1s fading versus the average received
power. This method 1s especially usetul when power variation
in the delay domain 1s difficult to calculate due to narrow
bandwidth.

It 1s also envisaged that any other method which uses
differences 1n signal characteristics to distinguish between
LOS and NLOS cases 1s within the scope of the invention.

The processing circuitry 14 1s arranged to combine any two
or more methods in order to improve reliability. When decid-
ing which method(s) to use, the decision can be made sepa-
rately for each system, taking into account the following, for
example:

1. In a narrowband system, the delay taps cannot easily be
separated, and so looking at the first tap and its power varia-
tions 1s not 1deal.

2. If the system 1s static, the fading-based methods may not be
uselul. By “static” 1s meant that there 1s no movement at all.
3. A multiantenna recetver 1s needed for the APS-based meth-
ods. The spatial resolution of the receiver determines the
utility of the APS-based methods.

4. The Doppler-based methods are most usetul when there 1s
movement (ol the receiver/transmitter/environment). If 1t’s
probable that there 1s no movement, or the velocity 1s not large
enough, the Doppler-based methods may not be usetul.

FI1G. 4 shows examples of power delay profiles (PDPs) of
measured LOS and NLOS radio channels. It can be seen that
the shape of the PDP 1s different in these two cases. In the
L.OS case, the first tap of the PDP 1s highest and after that the
PDP typically follows exponential decay in time. In the
NLOS case, the first component 1s not necessarily the stron-
gest and the shape of the PDP 1s more random. Exponential
decay can also be seen 1n the NLOS case.

FI1G. 5 shows the average magnitude of power variations of
the first tap compared to the average power for examples of
both LOS and NLOS cases.

The fist delay tap was tracked during 0.2 seconds (the speed
of the measurement vehicle was about 5 m/s, 1.e. this corre-
sponds to about 1 meter). The vaniations 1n the imnstantaneous
power of the first tap were monitored. First, the power of the
tap was normalized, to have equal power 1n LOS and NLOS
cases. The average of absolute power variations was calcu-
lated for each 0.2 seconds period.

In the exemplary LOS case, the magnitude of power varia-
tions of the first tap are 1n the order of =10 to -6 dB, compared
to the average signal level, whereas, 1n the exemplary NLOS
case, the vanations are typically much bigger. It should be
understood that the values 1n FIG. 5 are provided as an
example and that the invention 1s not limited to such values.
The values depend on bandwidth, for example, and may be
determined for each system separately. In this case, however,
-6 dB serves as a good threshold value.

As can be seen 1n FIG. 5, the distributions are partly over-
lapping. If the magnitude of variations 1s below -6 dB (which
1s approximately the point at which the curves cross), the
probability of the radio channel being an LOS case 1s about
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80% (assuming that the LOS and NLOS cases are equally
probable without this extra information). If the magnitude of
variations 1s higher than -6 dB, the probability of the radio
channel being an NLOS case 1s about 86%. Combining this
information with one or more of the other methods described

herein results 1n higher detection reliability.

The situation shown 1n FIG. 5 serves as an example of how
a threshold value can be set 1n order to discriminate between

NLOS and LOS cases. It will be apparent that the skilled

person will understand how to apply this example to the other
detection methods described herein.

After determining whether the received signal more likely
propagated through an LOS channel or an NLOS channel, the
processing circuitry 14 selects model parameters to describe
the pathloss in that particular radio propagation channel. The
parameters are selected simply for either an LOS or an NLOS
radio channel. The equation (1) has two parameters. It the
environment 1s known (e.g. urban outdoor), the parameter v
can be obtained from pathloss models. The parameter PL, can
be set during the design phase of the device, because 1t
depends on antenna gains etc. It 1s usual for some kind of
calibration or parameter setting to be required 1n the design
phase.

In addition, the processing circuitry 14 uses the average
received power of the antenna elements to estimate the dis-
tance using the appropriate model.

Since the recetved power depends on transmitted power
and antenna gains in addition to distance, the transmitted
power and antenna gains need to be known at the receiver to
cancel out their effects. The effects can be cancelled by doing
one or more calibration measurements at known distance(s).
The transmitter may commumnicate this information to the
receiver 12 using the same radio connection as 1s used for
estimating the distance.

In a line-of-sight (LOS) case, the accuracy of the distance
estimate 1s good, because there are no objects between the
receiver and transmitter, and thus the model of equation (1) 1s
more accurate. In a non-line-of-sight (INLOS) case, the accu-
racy 1s not as good as the LOS case, but is better than treating
L.OS and NLOS cases 1dentically, as 1s done 1n the prior art.

FIG. 3 shows pathloss as a function of the distance between
a mobile terminal and a base station and provides an example
ol the distance-power dependency. The measurements were
made at a carrier frequency of 2.4 GHz 1n a microcellular
environment (1.e. 1n which the base station 1s below rooftop
level) in downtown Helsinki. The pathloss was calculated
aiter filtering away the power variations caused by fast fading.
In FI1G. 3, the upper curve represents LOS and the lower curve
NLOS.

One possible pathloss model 1s

PLZ—IO'Y'ngm(r)+PLD (1)

where PL 1s the pathloss, r 1s the distance between receiver
and transmitter, v 1s a pathloss exponent, and PL 1s the path-
loss at a fixed distance, e.g. 1 meter. Thus, 1f the pathloss PL
1s known, the distance r can be calculated. It 1s to be under-
stood that the invention 1s not limited to this particular model,
and that any appropriate model may be used.

As seen 1n FIG. 3, the pathloss clearly depends on distance,
but there 1s a significant difference between the LOS and
NLOS cases. For example, 1f the pathloss 1s 90 dB, the dis-
tance estimate 1s about 430 m for the LOS case and only about
70 m for the NLOS case.

Thus, by discriminating between LOS and NLOS cases,
the distance estimation accuracy 1s improved significantly
over prior art methods.
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In one embodiment, equation (1) 1s applied 1 both LOS
and NLOS cases, but with different values for the constants vy
and PL.,.

Possible applications of the method include
1. Tracking devices
2. Global Positioming System (GPS). Multipaths are a prob-

lem 1 GPS systems, because reflected paths are longer

than direct ones, and thus the time of arrival may be 1incor-
rect.
3. Imitial synchronisation or handover phase of a future com-
munication system where a mobile terminal may use its
approximate distance from a base station for correct timing of
its transmission.

In a variant, one of the antenna elements of the multian-
tenna may be 1gnored if 1t has too low or too high power.

FIG. 6 1s a flowchart representing a method. The method
begins at 100 and ends at 108. Step 102 comprises obtaining
a signal from a receiver. Step 104 comprises determining
whether the signal more likely propagated through a line-oi-
sight (LOS) radio channel or a non-line-of-sight (NLOS)
radio channel. Step 106 comprises using a model including,
parameters selected according to the radio channel to esti-
mate the distance between the recerver and a transmuitter
which sent the signal. The method may include any other
steps described or claimed 1n this specification.

It will be appreciated that the aforementioned circuitry
may have other functions 1n addition to the mentioned func-
tions, and that the same circuit may perform these functions.

The applicant hereby discloses 1n 1solation each individual
teature described herein and any combination of two or more
such features, to the extent that such features or combinations
are capable of being carried out based on the present specifi-
cation as a whole 1n the light of the common general knowl-
edge ol a person skilled 1n the art, irrespective of whether such
features or combinations of features solve any problems dis-
closed herein, and without limitation to the scope of the
claims. The applicant indicates that aspects of the present
invention may consist of any such individual feature or com-
bination of features. In view of the foregoing description 1t
will be evident to a person skilled in the art that various
modifications may be made within the scope of the invention.

While there have been shown and described and pointed
out fundamental novel features of the invention as applied to
preferred embodiments thereot, 1t will be understood that
various omissions and substitutions and changes 1n the form
and details of the devices and methods described may be
made by those skilled in the art without departing from the
spirit of the mvention. For example, 1t 1s expressly intended
that all combinations of those elements and/or method steps
which perform substantially the same function in substan-
tially the same way to achueve the same results are within the
scope of the mnvention. Moreover, 1t should be recognised that
structures and/or elements and/or method steps shown and/or
described 1n connection with any disclosed form or embodi-
ment of the mvention may be incorporated in any other dis-
closed or described or suggested form or embodiment as a
general matter of design choice. It 1s the intention, therefore,
to be limited only as indicated by the scope of the claims
appended hereto. Furthermore, 1 the claims means-plus-
function clauses are intended to cover the structures described
herein as performing the recited function and not only struc-
tural equivalents, but also equivalent structures. Thus
although a nail and a screw may not be structural equivalents
in that a nail employs a cylindrical surface to secure wooden
parts together, whereas a screw employs a helical surface, in
the environment of fastening wooden parts, a nail and a screw
may be equivalent structures.
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What 1s claimed 1s:

1. A method comprising:

obtaining a signal from antenna elements of a multi-an-

tenna recerver; and

determining whether the signal 1s more likely associated

with propagation ifrom a transmitter via a line-of-sight

(LOS) radio channel or a non-line-of-sight (NLOS)

radio channel by performing one or more selected from

the group comprising:

(1) determining the angular power spectrum of the signal
and comparing the angular power spectrum of the
signal with known angular power spectrums of LOS
and/or NLOS signals; and

(2) determining the power variance of the signal and
comparing the power variance of the signal with
known power variance values of LOS and/or NLOS
signals;

wherein the method further comprises:

using a model including parameters selected according to

whether the signal 1s more likely associated with an LOS

or an NLOS radio channel to estimate the distance
between the receiver and the transmutter.

2. A computer program product comprising program code
means stored 1n a non-transitory computer-readable medium,
the program code means being adapted to perform the steps of
claim 1 when the program 1s run on a processor.

3. An apparatus comprising

a receiver configured to obtain a signal from antenna ele-

ments of a multi-antenna receiver;

processing circuitry configured to:

determine whether the signal 1s more likely associated
with propagation from a transmitter via a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)
radio channel by being configured to perform one or
more selected from the group comprising:

(1) determine the angular power spectrum of the sig-
nal and compare the angular power spectrum of the
signal with known angular power spectrums of
LOS and/or NLOS signals; and

(2) determine the power variance of the signal and
compare the power vanance of the signal with
known power variance values of LOS and/or NLOS
signals;

wherein the processing circuitry 1s further configured to:

use a model including parameters selected according to
whether the signal 1s more likely associated with an

LOS or an NLOS radio channel to estimate the dis-

tance between the receiver and the transmutter.

4. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s further configured to determine the radio
channel by identifying characteristics of the received signal
and comparing the identified characteristics to characteristics
typical of LOS or NLOS signal 1n order to determine whether
the signal 1s more likely associated with propagation from the
transmitter via a line-of-sight (LOS) radio channel or a non-
line-of-sight (NLOS) radio channel to determine the radio
channel between the transmitter and the recever.

5. The apparatus according to claim 4, wherein the charac-
teristics include any one or more of fading characteristics,
power delay profile, Doppler spectrum characteristics.

6. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s configured to determine the radio channel
by performing spatial signal processing on the signal
obtained from the multi-antenna receiver.

7. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s configured to determine the radio channel
by 1dentitying fading characteristics of the signal and com-
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paring the fading characteristics to known fading character-
istics of LOS and/or NLOS signals.

8. The apparatus according to claim 7, wherein the pro-
cessing circuitry 1s configured to determine that the radio
channel 1s more likely to be an NLOS channel than an LOS
channel in response to a depth of a fade meeting a predeter-
mined threshold, and to determine that the radio channel 1s
more likely to be an LOS channel than an NLOS channel in

response to a depth of a fade not meeting the predetermined
threshold.

9. The apparatus according to claim 7, wherein the pro-
cessing circultry 1s configured to:

determine that the radio channel 1s more likely to be an

NLOS channel than an LOS channel 1n response to
identifying Rayleigh-type fading characteristics in the
signal; and

determine that the radio channel 1s more likely to be an

LOS channel than an NLOS channel 1n response to
identifying Rice-type fading characteristics 1n the sig-
nal.

10. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s configured to determine the angular power
spectrum of the recerved signal and compare the angular
power spectrum of the recerved signal with typical angular
power spectrums of LOS and/or NLOS signals by:

calculating a ratio of the values of the highest intensity

peak to the second highest intensity peak in the angular
power spectrum of the signal;
comparing the ratio to a predetermined threshold; and
determining that the radio channel 1s more likely to be an
LOS channel than an NLOS channel 1n response to the
ratio meeting the predetermined threshold; and

determining that the radio channel 1s more likely to be an
NLOS channel than an LOS channel 1n response to the
ratio not meeting the predetermined threshold.

11. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s configured to determine the radio channel
by determining a power delay profile of the signal and com-
paring the profile to known power delay profiles of LOS
and/or NLOS signals.

12. The apparatus according to claim 11, wherein the pro-
cessing circuitry 1s configured:

to compare the power level of a first tap to the power levels

of one or more other taps 1n the power delay profile;

to determine that the radio channel 1s more likely to be an

L.OS channel than an NLOS channel 1n response to the
first tap having the highest power level; and

to determine that the radio channel 1s more likely to be an

NLOS channel than an LOS channel 1n response to the
first tap not having the highest power level.

13. The apparatus according to claim 11, wherein the pro-
cessing circuitry 1s configured:

to compare the fading characteristics of a first tap to the

known fading characteristics of LOS and/or NLOS sig-
nal:

to determine that the radio channel 1s more likely to be an

NLOS channel than an LOS channel 1n response to
identifying Rayleigh-type fading characteristics 1n the
first tap; and

to determine that the radio channel 1s more likely to be an

LOS channel than an NLOS channel 1n response to
identifying Rice-type fading characteristics in the first
tap.

14. The apparatus according to claim 3, wherein the pro-
cessing circultry 1s arranged to:

determine Doppler spectrum of the signal; and

compare the Doppler spectrum to known Doppler spec-

trums of LOS and/or NLOS signal 1n order to determine

whether the received signal 1s more likely associated

5

10

15

20

25

30

35

40

45

50

55

60

65

14

with propagation from the transmitter via a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)

radio channel.
15. The apparatus according to claim 14, wherein the pro-
cessing circuitry 1s configured to:
determine that the radio channel 1s more likely to be an
LOS channel than an NLOS channel in response to
detecting a dominant peak 1n the Doppler spectrum; and

determine that the radio channel 1s more likely to be an
NLOS channel than an LOS channel 1n response to
detecting the absence of a dominant peak 1n the Doppler
spectrum.

16. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s further configured to select an appropriate
pathloss model as the model to estimate the distance between
the recerver and the transmaitter.

17. The apparatus according to claim 16, wherein the pro-
cessing circuitry 1s configured to use the following pathloss
model to estimate the distance between the receiver and the
transmuitter:

PL:— 10 'Y'ngl D(l‘)+PLD

where:

PL represents pathloss;

r represents the distance between the transmitter and the

recelver:;

v represents a pathloss exponent; and

PL, represents the pathloss at a given distance.

18. The apparatus according to claim 17, wherein the pro-
cessing circuitry 1s configured to select different values for
the constants v and PL, 1n accordance with the determined
radio channel.

19. The apparatus according to claim 17, wherein the pro-
cessing circuitry 1s configured to use an average value of the
signal for the PL parameter.

20. The apparatus according to claim 3, wherein the pro-
cessing circuitry 1s configured to determine whether the sig-
nal 1s more likely associated with propagation from the trans-
mitter via a line-of-sight (LOS) radio channel or a non-line-
of-sight (NLOS) radio channel by averaging the determined
angular power spectrum and/or determined power variance.

21. 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 the
apparatus to perform at least the following:

obtain a signal from antenna elements of a multi-antenna

receiver; and

determine whether the signal is move likely associated with

propagation from a transmitter via a line-of-sight (LOS)

radio channel or a non-line-of-sight (NLOS) radio chan-
nel by performing one or morve selected from the group

COMPpYISIng:

(1) determine the angular power spectrum of the signal
and compare the angular power spectrum of the sig-
nal with known angular power spectrums of LOS
and/or NLOS signals; and

(2) determine the power variance of the signal and com-
pare the power variance of the signal with known
power variance values of LOS and/or NLOS signals;

and wherein the apparatus is further configured to:

use a model including parameters selected according to

whether the signal is move likely associated with an LOS

or an NLOS radio channel to estimate the distance
between the veceiver and the transmitter.
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22. A method comprising:

obtaining respective signals from antenna elements of a
multi-antenna receiver; and

determining whether the respective signals are more likely

associated with propagation from a transmitter via a

line-of-sight (LOS) radio channel or a non-line-of-sight

(NLOS) radio channel by performing one or more

selected from the group comprising:

(1) determining the angular power spectrum of the
respective signals and comparing the angular power
spectrum of the vespective signals with known angu-
lar power spectrums of LOS and/or NLOS signals to
determine whether the respective signals are more
likely associated with propagation from a transmitter
via a line-of-sight (LOS) radio channel or a non-line-
of-sight (NLOS) radio channel; and

(2) determining the power variance of the vespective
signals and comparing the power variance of the
respective signals with known power variance values
of LOS and/or NLOS signals to detevmine whether the
respective signals are morve likely associated with
propagation from a transmitter via a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)
radio channel:

whevrein the method further comprises.

estimating the distance between the veceiver and the trans-
mitter using a model including parameters selected
according to the detevmined radio channel between the
receiver and the transmitter.

23. An apparatus comprising

a receiver configured to obtain rvespective signals from
antenna elements of a multi-antenna receiver,

processing cirvcuitry configured to:

determine whether the respective signals are more likely

associated with propagation from a transmitter via a

line-of-sight (LOS) radio channel or a non-line-of-sight

(NLOS) radio channel by being configured to perform

one ov morve selected from the group comprising:

(1) determine the angular power spectrum of the vespec-
tive signals and compare the angular power spectrum
of the respective signals with known angular power
spectrums of LOS and/or NLOS signals to determine
whether the vespective signals are move likely associ-
ated with propagation from a transmitter via a line-
of-sight (LOS) radio channel or a non-line-of-sight
(NLOS) radio channel; and

(2) determine the power variance of the rvespective sig-
nals and compare the power variance of the rvespec-
tive signals with known power variance values of LOS
and/or NLOS signals to determine whether the

respective signals are move likely associated with
propagation from a transmitter via a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)
radio channel:

wherein the processing circuitry is further configured to:

use a model including parvameters selected according to

the detevmined radio channel to estimate the distance
between the receiver and the transmitter.

24. The apparatus according to claim 23, wherein the
processing cirvcuitry is further configured to determine the
radio channel by identifving characteristics of the received
respective signals and comparing the identified characteris-
tics to charvacteristics typical of LOS or NLOS signals in order
to determine whether the respective signals ave more likely
associated with propagation from the transmitter via a line-
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of-sight (LOS) radio channel or a non-line-of-sight (NLOS)
radio channel to determine the radio channel between the
transmitter and the receiver.

25. The apparatus accorvding to claim 24, wherein the
characteristics include any one or more of fading character-
istics, power delay profile, Doppler spectrum charvacteristics.

26. The apparatus accovding to claim 23, wherein the
processing circuitry is configured to determine the radio
channel by performing spatial signal processing on the
respective signals obtained from the multi-antenna receiver:

27. The apparatus accovding to claim 23, wherein the
processing circuitry is configured to determine the radio
channel by identifying fading characteristics of the respective
signals and comparing the fading charvacteristics to known

fading characteristics of LOS and/or NLOS signals.

28. The apparatus accovding to claim 27, wherein the
processing civcuitry is configured to determine that the radio
channel is move likely to be an NLOS channel than an LOS
channel in response to a depth of a fade meeting a predeter-
mined threshold, and to determine that the radio channel is
morve likely to be an LOS channel than an NLOS channel in
response to a depth of a fade not meeting the predetermined

threshold.

29. The apparatus accovding to claim 27, wherein the
processing civcuitry is configured to:

determine that the radio channel is morve likely to be an
NLOS channel than an LOS channel in response to iden-
tifving Ravleigh-tvpe fading characteristics in the
respective signals; and

determine that the radio channel is morve likely to be an
LOS channel than an NLOS channel in response to iden-
tifving Rice-type fading characteristics in the vespective
signals.

30. The apparatus accovding to claim 23, wherein the
processing circuitry is configured to determine the angular
power spectrum of the vespective signals and compare the
angular power spectrum of the vespective signals with typical
angular power spectrums of LOS and/or NLOS signals by:

calculating a ratio of the values of the highest intensity
peak to the second highest intensity peak in the angular
power spectrum of the vespective signals;

comparing the ratio to a predetermined threshold;

determining that the radio channel is morve likely to be an
LOS channel than an NLOS channel in vesponse to the
ratio meeting the predetermined threshold; and

determining that the radio channel is more likely to be an
NLOS channel than an LOS channel in vesponse to the
ratio not meeting the predetermined threshold.

31. The apparatus accovding to claim 23, wherein the
processing circuitry is configured to determine the radio
channel by determining a power delay profile of the rvespec-
tive signals and comparing the profile to known power delay

profiles of LOS and/or NLOS signals.

32. The apparatus accovding to claim 31, wherein the
processing circuitry is configured.

to compare the power level of a first tap to the power levels
of one or movre other taps in the power delay profile;

to determine that the vadio channel is move likely to be an
LOS channel than an NLOS channel in vesponse to the
first tap having the highest power level; and

to determine that the vadio channel is morve likely to be an
NLOS channel than an LOS channel in vesponse to the
first tap not having the highest power level.
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33. The apparatus according to claim 31, wherein the
processing civcuitry is configured.

to compare the fading characteristics of a first tap to the

known fading characteristics of LOS and/or NLOS sig-
nals;

to determine that the vadio channel is movre likely to be an

NLOS channel than an LOS channel in vesponse to iden-
tifving Ravleigh-type fading charvacteristics in the first
tap; and

to determine that the vadio channel is more likely to be an

LOS channel than an NLOS channel in vesponse to iden-
tifving Rice-type fading characteristics in the first tap.

34. The apparatus according to claim 23, wherein the
processing civcuitry is arranged to:

determine a Doppler spectrum of the respective signals;

and
compare the Doppler spectrum to known Doppler spec-
trums of LOS and/or NLOS signals in ovder to determine
whether the vespective signals are morve likely associ-
ated with propagation from the transmitter via a line-of-
sight (LOS) radio channel or a non-line-of-sight (NLOS)
radio channel.
35. The apparatus according to claim 34, wherein the
processing circuitry is configured to:
determine that the vadio channel is more likely to be an
LOS channel than an NLOS channel in vesponse to
detecting a dominant peak in the Doppler spectrum; and

determine that the vadio channel is more likely to be an
NLOS channel than an LOS channel in vesponse to
detecting the absence of a dominant peak in the Doppler
spectrum.

36. A computer program product comprising program code
means stored in a non-transitory computer-readable medium,
the program code means being adapted to perform the steps
of claim 22 when the program is run on a processor.

37. The apparatus according to claim 23, wherein the
processing civcuitry is further configured to select an appro-
priate pathloss model as the model to estimate the distance
between the receiver and the transmitter.

38. The apparatus according to claim 37, wherein the
processing circuitry is configured to use the following path-
loss model to estimate the distance between the receiver and
the transmitter:

PL:—jO'Y'ZﬂgI{}(F)+PLG

where: PL represents pathloss;
v represents the distance between the transmitter and the
receiver;
v represents a pathloss exponent; and
PL, represents the pathloss at a given distance.
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39. The apparatus accovding to claim 38, wherein the
processing circuitry is configured to select diffevent values for
the constants v and PL, in accordance with the determined
radio channel.

40. The apparatus accovding to claim 38, wherein the
processing circuitry is configurved to use an average value of
the respective signals for the PL parameter.

41. The apparatus according to claim 23, wherein the
processing circuitry is configured to detevmine whether the
respective signals arve morve likely associated with propaga-
tion from the transmitter via a line-of-sight (LOS) radio chan-
nel or a non-line-of-sight (NLOS) radio channel by averaging
the determined angular power spectrum and/ov determined
power variance.

42. 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 the
apparatus to perform at least the following:

obtain respective signals from antenna elements of a multi-

antenna receiver; and

determine whether the respective signals arve more likely

associated with propagation from a transmitter via a

line-of-sight (LOS) radio channel or a non-line-of-sight

(NLOS) radio channel by performing omne or more

selected from the group comprising:

(1) determine the angular power spectrum of the vespec-
tive signals and compare the angular power spectrum
of the vespective signals with known angular power
spectrums of LOS and/or NLOS signals to determine
whether the vespective signals are more likely associ-
ated with propagation from a transmitter via a line-
of-sight (LOS) radio channel or a non-line-of-sight
(NLOS) radio channel; and

(2) determine the power variance of the rvespective sig-
nals and compare the power variance of the vespec-
tive signals with known power variance values of LOS
and/or NLOS signals to determine whether the
respective signals arve more likely associated with
propagation from a transmitter via a line-of-sight
(LOS) radio channel or a non-line-of-sight (NLOS)
radio channel:

and wherein the apparatus is further configured to:

estimate the distance between the receiver and the trans-

mitter using a model including parameters selected
according to the determined radio channel between the
receiver and the transmitter.
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