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POSITION DETERMINATION OF MOBILE
STATIONS IN A WIRELESS NETWORK

BACKGROUND OF THE INVENTION

[0001] This invention relates to a method of locating and
determining the position of wireless mobile stations in a
communication network. For the purposes of this specifica-
tion, such a communication network will be referred to as an
Opportunity Driven Multiple Access (ODMA) network.
[0002] The determination of location is useful to service
providers in the provision of location based services to sub-
scribers to a communication network. Such services include,
for example, the provision of driving direction instructions,
vehicle tracking, relevant regional information and available
applications; while also enabling categorization of subscrib-
ers for various purposes and for billing differentiation.
[0003] In addition, various regulatory authorities around
the world now require that service providers of wireless tele-
phone networks must be capable of locating the users of the
wireless telephones in order to facilitate emergency call pro-
cessing.

[0004] These regulations mandate that the position of such
users must be established to within predefined distances of
their actual physical location. In the United States of America,
for example, the Federal Communications Commission pro-
mulgated wireless Enhanced 911 (E911) rules require that
service providers must be able to locate at least two-thirds of
the users of wireless telephones on their networks within 125
meters of the users’ actual physical locations.

[0005] The location of a wireless station in a network is
generally determined using either network based location
systems or station based location systems. Network based
location systems typically utilize techniques that involve the
triangulation of signals between the wireless stations and
fixed position base stations or access points, which act as
communication ports between the wireless stations and the
network. Station based systems may incorporate other tech-
nologies such as Global Positioning System (GPS) receivers
that may be built into the wireless devices of the stations or
used in combination with the devices.

[0006] It is likely that the need for service differentiation
will grow in relevance and that emergency regulation will
possibly be extended to wireless devices other than tele-
phones. Consequently, accurate location and positioning of
the user stations has now become an essential feature in
wireless networking environments. At present it is difficult to
locate certain of these devices, such as in the VOIP (Voice
Over Internet Protocol) environment, without using position-
ing equipment together with the wireless unit as there is no
fixed relationship between the VOIP device and the geo-
graphic position. In addition, positioning technologies are
subject to limitations that may render the stations undetect-
able.

[0007] It is an object of the invention to provide accurate,
continuous location and positioning information relating to
wireless mobile stations, including VOIP and other tradition-
ally undetectable devices, using a network based methodol-
ogy that is not dependent on base stations and access points.

SUMMARY OF THE INVENTION

[0008] According to the invention there is provided a
method of operating a network comprising a plurality of
stations each able to transmit and receive data so that the
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network can transmit data between stations via at least one
selected intermediate station, the method comprising:

[0009] transmitting probe signals from each station;

[0010] transmitting position data and/or position deter-
mining data in at least some of the probe signals, the
position data including data indicative of the absolute or
relative position of a station transmitting a probe signal,
and the position determining data including data usable
by a station receiving a probe signal to determine the
absolute or relative position of the station and/or other
stations;

[0011] maintaining, at stations which receive probe sig-
nals from one or more probing stations, position data
and/or position determining data received from selected
ones of the probing stations; and

[0012] ateach station maintaining said position data and/
or position determining data, utilizing the position data
and/or position determining data to determine the abso-
lute or relative position of said each station and/or other
stations.

[0013] The position data and/or position determining data
in the probe signals may include data indicating the absolute
position or relative position of nearby stations selected by the
station transmitting the probe signals.

[0014] The position data and/or position determining data
may be used to determine the relative or absolute position of
other stations in direct communication with said each station,
and also other stations not in direct communication with said
each station.

[0015] The method may be operated in a communication
network in which the stations can transmit a message from an
originating station to a destination station via at least one
opportunistically selected intermediate station.

[0016] Alternatively, the method may be operated in a net-
work provided primarily for purposes of tracking or locating
stations in the network.

[0017] The method may include selecting, at each station, a
channel for the transmission of probe signals to other stations,
other stations which receive the probe signals from a probing
station responding directly, or indirectly via other stations, on
the selected channel.

[0018] The method may include transmitting clock data in
the probe signals, and utilizing the clock data to determine the
time taken for the probe signals to propagate between stations
and hence the distance between said stations.

[0019] The method may further include synchronizing
clocks at the stations of the network, with updated timing data
for this purpose being transmitted from a central timing
authority to the other stations.

[0020] The acceptance or rejection of said updated timing
data at any station may be determined in response to a cumu-
lative error function calculated in respect of the transmission
of'such data, relative to other prior or simultaneous transmis-
sions of such data received at said station, thereby maintain-
ing a high level of accuracy in respect of the synchronization
of clocks at each station of the network.

[0021] The position data may comprise position informa-
tion indicating the position of one or more stations to a pre-
determined degree of accuracy.

[0022] The position data may comprise absolute position
information obtained from a station equipped with a station
based positioning system, or a station with a known fixed
location.
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[0023] Alternatively or in addition the position data may
comprise relative position information indicating the position
of one or more stations relative to other stations.

[0024] The relative position information may be obtained
by stations determining the approximate distance between
themselves utilizing transmission power and/or path loss data
in probe signals transmitted between such stations.

[0025] Alternatively or in addition the relative position
information may be obtained by stations determining the
distance between themselves utilizing timing data extracted
from probe signals transmitted between the stations.

[0026] The timing data may include processing delay data
inserted into reply probe signals by stations responding to
received probe signals, the processing delay data indicating
the time taken at a station responding to a received probe
signal to process the received probe signal.

[0027] The method may include obtaining position infor-
mation indicating the position of one or more stations by
triangulation.

[0028] The method may comprise utilizing a combination
of absolute and relative position information to determine the
absolute position of further stations by determining their
position relative to other stations that have previously deter-
mined their own absolute positions, so that such further sta-
tions that are unable to communicate directly with other sta-
tions that have absolute position information can nevertheless
determine their own absolute position indirectly.

[0029] The method may include providing a number of
seed stations, each of which is able to determine, or is pro-
vided with absolute position data defining, its own absolute
position with relatively high accuracy, other stations trans-
mitting probe signals to and receiving probe signals from the
seed stations thus obtaining absolute position information
from the seed stations to determine their own absolute posi-
tions, and further stations transmitting probe signals to and
receiving probe signals from said other stations thus obtain-
ing absolute position information from said other stations to
determine their own absolute positions.

[0030] Each station may select received probe signals from
which to extract position or timing data according to the
extent to which such received probe signals are determined to
contain position or timing data of a high quality in terms of
distance measurement capability or clock synchronization.
[0031] The method may comprise analyzing received
probe signals to determine whether or not they are transmitted
during optimum peaks of opportunity.

[0032] The method may comprise measuring path loss and/
or multi-path distortion in such received probe signals, and
selecting probe signals having low path loss and/or low multi-
path distortion for extraction of position or timing data there-
from.

[0033] Stations may include data in their probe signals
relating to the length of time they have remained static, other
stations receiving the probe signals utilizing position data
and/or position determining data preferentially from stations
that have remained static for the longest periods.

[0034] Stations may include auxiliary data in their probe
signals relating to one or more of the following: the number
and/or quality of transmission hops between stations identi-
fied in the probe signals; age data indicating the age of timing
data or position data and/or position determining data
included in the probe signals; the stated or determined level of
accuracy of position information relating to one or more
stations identified in the probe signals; and quality data indi-
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cating whether the probe signals have been sent at peaks of
opportunity, other stations receiving the probe signals utiliz-
ing position data and/or position determining data therein
selectively depending on the nature of the auxiliary data
included in the received probe signals.

[0035] The probe signals may be transmitted on probe
channels defined by a central authority, thereby reducing
interference and preventing jamming or interception of the
signals.

[0036] Stations may maintain historical position data of
other stations for a predetermined time after such other sta-
tions have lost connectivity with one another, the historical
position data being retrievable to determine the last known
position of a station with which connectivity has been lost.
[0037] Stations may utilise variations in data in probe sig-
nals or other characteristics of the probe signals, arising out of
relative movement between stations, to resolve ambiguities in
relative position data and/or position determining data in the
probe signals.

[0038] The nature or quality of a service available from a
station in the network may be adjusted according to the deter-
mined absolute orrelative position of said station and/or other
nearby stations.

[0039] For example, the method may include providing
information to a user of a station relating to facilities, objects
or persons, or other stations near to the determined position of
said station.

[0040] In one embodiment of the method a first station
requiring position information relating to a second station
that is moving relative to the first station may transmit gradi-
ent gathering probe signals addressed to the second station,
directly or via one or more intermediate stations, at an
increased rate selected to provide enhanced resolution of the
position information.

[0041] The gradient gathering probe signals may be trans-
mitted at an increased rate only while the first station requires
the position information.

[0042] The increased rate of transmission of the gradient
gathering probe signals is preferably at least an order of
magnitude greater than a standard rate of transmission
thereof.

[0043] A first station requiring position information relat-
ing to another station in the network may transmit a position
request message addressed to a central authority maintaining
position data and/or position determining data of stations in
the network; to one or more neighbors of the first, requesting
station for onward transmission to the other station; or
directly to the other station.

[0044] The station whose position is required may transmit
a reply message to the first station via the network with the
required position information.

[0045] The first station may transmit a gradient gathering
probe signal addressed to the other station via one or more
intermediate stations, said other station transmitting a
response via one or more intermediate stations to thereby
create a gradient through the intermediate stations, the gradi-
ent providing information enabling a relative or absolute
direction vector to be established between the first station and
said other station.

[0046] Further according to the invention there is provided
a network comprising a plurality of stations each able to
transmit and receive data so that the network can transmit data
between stations via at least one selected intermediate station,
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wherein each station in the network comprises a transmitter,
a receiver and data processing means and is operable to:

[0047] transmit probe signals to other stations and
receive probe signals from other stations;

[0048] transmit position data and/or position determin-
ing data in at least some of the probe signals, the position
data including data indicative of the absolute or relative
position of a station transmitting a probe signal, and the
position determining data including data usable by a
station receiving a probe signal to determine the absolute
or relative position of the station and/or other stations;

[0049] maintain, at stations which receive probe signals
from one or more probing stations, position data and/or
position determining data received from selected ones of
the probing stations; and

[0050] utilize the maintained position data and/or posi-
tion determining data to determine the absolute or rela-
tive position of said station and/or other stations.

[0051] including other stations in direct communication
with said station, and also other stations not in direct
communication with said station.

[0052] Each station may be operable to determine the abso-
lute or relative position of other stations in direct communi-
cation with said station, and also other stations not in direct
communication with said station.

[0053] Each station preferably includes a clock and is
arranged to transmit clock data in the probe signals, and to
utilize the clock data to determine the time taken for the probe
signals to propagate between stations and hence the distance
between said stations.

[0054] The network may include a central timing authority
for transmitting updated timing data to the stations of the
network, and wherein each station is arranged to synchronize
its clock with the clocks of other stations of the network
utilizing the updated timing data.

[0055] Each station is preferably arranged to accept or
reject said updated timing data according to a cumulative
error function calculated in respect of the transmission of
such data, relative to other prior or simultaneous transmis-
sions of such data received at said station, thereby maintain-
ing a high level of accuracy in respect of the synchronization
of clocks at each station of the network.

[0056] At least some stations in the network may comprise
a station based positioning system or be programmed with
position data corresponding to a known fixed location.

[0057] Each station may be adapted to determine the
approximate distance between itself and other stations utiliz-
ing transmission power and/or path loss data in probe signals
transmitted between the stations.

[0058] Alternatively or in addition each station may be
adapted to obtain position information indicating the position
of one or more other stations by triangulation.

[0059] The network may include a number of seed stations
each able to determine its own absolute position with rela-
tively high accuracy, so that other stations transmitting probe
signals to and receiving probe signals from the seed stations
can obtain absolute position information from the seed sta-
tions to determine their own absolute positions, and further
stations transmitting probe signals to and receiving probe
signals from said other stations can obtain absolute position
information from said other stations to determine their own
absolute positions.
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[0060] The data processing means of each station is pref-
erably operable to analyze received probe signals to deter-
mine whether or not they are transmitted during optimum
peaks of opportunity.

[0061] The data processing means is preferably operable to
analyze received probe signals by measuring path loss and/or
multi-path distortion in received probe signals, and to select
probe signals having low path loss and/or low multi-path
distortion for extraction of position or timing data therefrom.
[0062] The network may include a central authority to
define probe channels for the transmission of the probe sig-
nals, to reduce interference and prevent jamming or intercep-
tion of the signals.

BRIEF DESCRIPTION OF THE DRAWINGS

[0063] Embodiments of the invention are described in
detail in the following passages of the specification, which
refer to the accompanying drawings. The drawings, however,
are merely illustrative of how the invention might be put into
effect, so that the specific form and arrangement of the fea-
tures shown is not to be understood as limiting on the inven-
tion.

[0064] FIGS. 1(a) to (d) are schematic diagrams showing
known methods of determining distance and position of a
station from one or more stations having position informa-
tion;

[0065] FIGS. 2(a) and (b) are simplified schematic dia-
grams showing a number of stations operating in an ODMA
network; FIG. 2(a) showing the general position of the sta-
tions at a time t, and FIG. 2(4) showing the same stations
having subsequently gathered up to three close neighbors;
[0066] FIGS. 3(a) to (e) are simplified schematic diagrams
showing the same stations as in FIG. 2, the sequence repre-
sented in FIGS. 3(a) to (c¢) illustrating the stations gradually
determining their positions at times t,, t; and t, respectively
according to a first embodiment of the invention; and in FIGS.
3(d) to (e) according to a second embodiment;

[0067] FIGS. 4(a)to (e) are schematic diagrams illustrating
distance and position determining techniques utilized in
accordance with the first embodiment of the invention;
[0068] FIGS. 5(a) to (e) are schematic diagrams showing
developments of the concepts illustrated FIG. 4, in a three
dimensional orientation;

[0069] FIGS. 6(a) to (f) are a sequence of simplified con-
nectivity diagrams showing the mechanism used by stations
in an ODMA network when triangulating position in accor-
dance with the second embodiment of the invention;

[0070] FIG. 7 is a simplified schematic diagram showing a
subset of the stations of FIG. 2, showing certain of the stations
having gathered neighbors through probing;

[0071] FIGS. 8(a) and (b) are simplified schematic dia-
grams showing the position determining mechanisms of sta-
tions having sufficient fixed absolute position neighbor sta-
tions from which to triangulate their own absolute positions in
accordance with the second embodiment of the invention;
[0072] FIGS. 9(a)to (d) are simplified schematic diagrams
showing the position determining mechanisms used by sta-
tions of FIG. 7 not having sufficient neighbor stations from
which to triangulate position;

[0073] FIG. 10 is a simplified schematic diagram showing
analternative technique employed by the stations of FIG. 9, in
accordance with the second embodiment of the invention;
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[0074] FIG. 11 is a simplified schematic diagram showing
an alternative technique employed by the stations of FIGS. 8
to 11; and

[0075] FIGS. 12(a) and (b) are simplified schematic dia-
grams similar to those of FIG. 5, showing methods of obtain-
ing a distance gradient or position gradient.

DESCRIPTION OF EMBODIMENTS

[0076] As stated above, systems for locating wireless
mobile stations in a wireless network are generally network
based or station based. Network based systems use the infor-
mation gathered to perform triangulation or trilateration (or
similar) calculations to establish the position of stations hav-
ing unknown locations, typically relative to known fixed
absolute positions. Station based systems incorporate other
technologies built in to the mobile wireless stations, or that
are used in association with the mobile stations, to locate
position. Such technologies include Global Positioning Sys-
tem (GPS) receivers, which may be enhanced with the pro-
vision of additional ground based stations. However, in prac-
tice GPS and the other technologies have certain limitations,
the most significant of which is the fact that it may be unavail-
able in certain topographies, in buildings or underground for
example.

[0077] Unless otherwise indicated by the context, the term
“absolute position” in this specification is intended to refer to
a position that is geographically referenced (irrespective of
the accuracy thereof, such as a position being indicated with
reference to a defined grid or coordinates. For example, abso-
lute position could be defined in terms of a reference position
in the x, y and z planes, or in terms of latitude and longitude
(and possibly elevation) coordinates. The term “relative posi-
tion” is intended to refer to a position expressed in terms of the
relative distances between, and relative orientation of, sta-
tions in the network, with reference to one station or to each
other, but without reference to a defined grid or coordinates.
[0078] The present invention relates to a network based
method of locating and positioning mobile stations, typically
for use in an ODMA communication network (of the general
kind described in WO 96/19887 entitled Multi-Hop Packet
Radio Networks). Some of the stations in the network may
have station based positioning systems, but this is not a
requirement of the invention.

[0079] In order to perform triangulation and related geo-
metric calculations, stations must be able to determine the
distances between the stations. There are a number of known
mechanisms for determining the distance between two wire-
less stations in a network environment. These mechanisms
include:

[0080] signal timing analysis, by measuring the time of
arrival (TOA) of signals between the stations which,
together with position detecting equipment, enables cal-
culation of the time difference of arrival (TDOA) of
signals and estimated position;

[0081] angle of arrival analysis (AOA), which measures
the angle of the signal between stations; and

[0082] radio propagation analysis, which evaluates radio
frequency characteristics such as frequency shifts, phase
shifts and path loss of the weakening signal between
stations on the network.

[0083] In a radio network, path loss information provides
an initial indication of the distance between the two stations
through basic and well known radio propagation analytical
techniques relating path loss to distance. Thus, if a station
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hears a probe signal transmission of a neighbor station, the
receiving station will determine that the transmitting neigh-
bor is a certain distance away by analyzing the power level of
the initial transmission and the noise floor specified in the
probe, although the mechanism has limits in accuracy. The
degree of accuracy is a function of the distance; being less
accurate with increasing distance.

[0084] Each station listening to the probing transmissions
of other stations and to any responses will have initial infor-
mation in respect of the distance of other stations from the
listening station and to each other (information in the probes
and responses). However, if the probe information that is
received incorporates information about the listening station
itself, in other words, it provides information that it obtained
from listening to probes from neighboring stations, then the
listening station can make more accurate conclusions about
the distance between the stations. If responses are then
received, in reply to probing, the responses will provide spe-
cific information that will enable very accurate determination
of distance through radio propagation analysis techniques or
from timing measurements.

[0085] Consequently, although the receiving station will
not know exactly where it is relative to the neighbor, it will at
least recognize that it is within a certain radius of a circle
(more accurately a three dimensional sphere) generated by
the probing station at a known radius away.

[0086] While this may not at first seem especially accurate,
if the other station is in fact a very short distance away, this
information may well be accurate enough. In an ODMA
network environment this will often be the case. For example,
two mobile telephone users may be in a crowded room, in
which case although the exact position is not available, one
user will be able to establish that the other user is at least
within a certain distance of the user’s own position. In other
words, although each user may not know the exact actual
position of the other, they will know that they are in the same
room and no more than a few meters away.

[0087] This concept is shown in FIG. 1(a), where a trans-
mitting station X is a distance x away from a receiving station
R. If station X has a known fixed absolute position that it can
communicate, the receiving station R will know that it is
within the radius x (and therefore in one of the nine grid
blocks marked A-C/3-5). If the station X does not have a
determined position, R will at least know that it is a relative
distance x from X but will not have any position information.

[0088] If there are two neighbors of R with known fixed
absolute positions, analysis by the receiving station will lead
to the conclusion that the receiving station is at one of two
possible intersections of the circles defined by the radii from
the two stations. This is illustrated in FIG. 1(b), where a
second station Y is a distance y away from the receiving
station R; leading to the conclusion that the receiving station
is in either location B/3 or C/5. Again, if the grid blocks are
very small, this may already provide sufficient information
for positioning purposes.

[0089] If the other two stations (X and Y) did not have
absolute position information, and assuming X and Y were
not within range to receive transmissions from each other,
then R would only know that it was within a distance x and y
from X and Y respectively. However, if X and Y were them-
selves able to pick up transmissions from each other they
would be able to establish their relative positions in relation to
each other as a vector (distance and direction) irrespective of
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the ambiguity in the position of R. This concept is expanded
upon below in this specification with reference to the present
invention.

[0090] Known information regarding the region may
enable certain assumptions to be made about the likelihood of
the station being at one or other of the two possible locations
(for example the one location may be a road and the other a
swamp). However, it will be understood from the description
that follows in this specification that the ODMA slow probing
and neighbor gathering processes will also assist in resolving
these forms of ambiguity without requiring any actual knowl-
edge of the region or topography.

[0091] FIG. 1(c) shows that if a third station Z with fixed
absolute position is a calculated distance z away, then the
location of the receiving station R can be narrowed down to a
fixed absolute point in location C/5, through basic triangula-
tion calculations. Again, if no absolute position information is
available at the stations X, Y and Z, then all R will be able to
determine is that the stations are within a distance x, y and z
from R, respectively. (The positions of the stations X,Y and Z
relative to each other could be determined if they could hear
each others’ transmissions.)

[0092] Obviously, the triangulation calculations used in the
example of FIG. 1 can also be applied to determine the third
dimension of the relative elevation of the stations when an
additional station is involved. The use of directional antennas
will reduce the number of transmitting stations required for
positioning purposes by using angle of arrival analysis. These
methods involve known techniques.

[0093] FIG. 1(d) shows the wireless station R requiring
position information and stations X,Y and Z at respective new
positions X', Y' and Z'. At this point the wireless station R is
using a new neighbor W from which to determine its position,
together with stations X and Y. Station Z could either be out of
range (as illustrated) or could be used to provide additional
information that would enable the wireless station R to test its
position calculations.

[0094] It can be seen that in the above explanation a station
in an ODMA network can establish its location by obtaining
information from the stations that it has established as its
neighbors. Alternative methods of determining distance (such
as timing probes and responses, as discussed below) may be
utilized that provide greater accuracy, but the principles
described above will still apply.

[0095] In traditional network based position determining
mechanisms, a station attempting to establish its position will
try to communicate with fixed position beacons that are in
range of the station and which have absolute position infor-
mation. In some more advanced systems, if the station fails to
locate enough beacons to determine its position, it may
attempt to locate other stations in the region that are them-
selves in contact with beacons in order to estimate position.

[0096] However, this utilization of the beacons as touch-
stones is not required in the present invention, where the
stations do not start by attempting to communicate with bea-
cons, but instead simply start gathering good quality neigh-
bors regardless of the absolute position information that may
be around them. Some of these neighbors may well turn out to
be stations with absolute position information, but this is not
required as such.

[0097] When switched on, all a station needs to do is listen
for probe signals and probe for neighbors in order to gather
and maintain a predefined group of the best neighbor stations
available. The positioning mechanism is not dependent on
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coverage from any base station, fixed position or other datum
point. If the neighbor happens to have absolute position infor-
mation, then the station will itself be able to determine its
position very quickly.

[0098] For reasons that will become apparent, where a sta-
tion is activated in a pre-existing network the stations already
operating around the new station are very likely to have
already established their positions (whether relative or abso-
lute). However, in the illustrated embodiments it will be
assumed that many (if not all) of the stations will need to
establish position. As stations are not all attempting to com-
municate with a limited number of stations with position
information (as is the case with beacons), the present inven-
tion has the additional benefit of not overloading the network
with these unnecessary transmissions.

[0099] The ODMA-over-wireless methodology is usedina
communication network which has a number of wireless
stations which are able to transmit data to and receive data
from one another. The methodology comprises defining a first
probing channel for the transmission of first, broadcast probe
signals to other stations. Other stations which receive the first
probe signals (also referred to as “slow probes™) from a prob-
ing station indicate to the probing station their availability as
destination or intermediate stations. A neighbor table com-
prising details of, and connectivity data relating to, these
other available stations is maintained at each of the stations.
[0100] Inan ODMA network utilizing a wireless medium,
when there are a number of stations in close proximity they
will end up probing at higher data rates and lower transmit
powers. Listening stations will occasionally respond to sta-
tions that are probing at the lower data rates, or that do not
have enough neighbors, to help any lonely (distant) stations
(also referred to as “lonely neighbors™) that cannot use the
higher data rates or do not have sufficient neighbors. Stations
will only use the lower data rates when they are lonely and
cannot find sufficient neighbors at the higher data rates and at
maximum power.

[0101] ODMA networks utilise two kinds of probing pro-
cesses, “slow probing” and “fast probing”. The slow probing
process is used by each network station to gather neighbors,
while the fast probing process is used to construct gradients
between originating and destination stations.

[0102] Each station will transmit slow “neighbour gather-
ing” probe signals at regular intervals (determined by a Slow
Probe Timer) trying to find other stations. Stations indicate in
their slow probes that they are able to detect other stations
probing and in that way stations will vary their probe power
until a certain predetermined number of stations indicate they
are able to detect the probes. If a station never acquires the
required number of neighbors it will remain at the lowest data
rate and maximum transmit power.

[0103] Each station will randomly vary the Slow Probe
Timer slightly between slow probe signal transmissions to
avoid collision with other stations. Should any station start
receiving another station’s transmission, it will reload the
Slow Probe Timer with a new interval.

[0104] Ina wireless network of mobile stations the stations
are constantly moving, and as such the number of neighbors
will constantly be changing. If the number of neighbors
exceeds the required number, a station will start to increase its
data rate on the probing channel. It will continue to increase
its data rate until it no longer exceeds the required number of
neighbors. If it reaches the maximum data rate it will start to
drop its slow probe transmit power by small increments until
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it either reaches the minimum transmit power, or no longer
exceeds the required number of neighbors.

[0105] When a station replies to another station’s slow
probe on a Probing Channel it will limit the length of its data
packet to the Slow Probe Timer interval. This is to avoid other
stations probing over its reply. If the station that is replying
has more data to send than will fit in a small packet it will
indicate in the header of the packet that the other station must
move to a specific Data Channel.

[0106] There can be a number of Data Channels defined for
each Probing Channel. The station that is requesting the
change will randomly select one of the available Data Chan-
nels. When the other station receives the request it will imme-
diately change to that Data Channel, where the two stations
will continue to communicate until neither of them have any
data to send, or if the maximum time for remaining on the
Data Channel expires (set by a Data Timer). Alternative data
transport protocols could also be used.

[0107] When a station changes to the Data Channel it loads
the Data Timer. It will remain on the Data Channel for as long
as the Data Timer will allow. When the Data Timer expires the
stations will revert back to the Probing Channel and start
probing again.

[0108] The slow probing process consists of three basic
functions:

1. Neighbor collection

2. Power learning

3. Ramping of neighbors

[0109] The process of neighbor collection consists of a
station probing at increased levels of power until neighboring
stations indicate in their own probes that they are detecting
the probes of the first station. The power of the probe is
increased until a predetermined number of neighbors indicate
that they are detecting the probes.

[0110] Al probing stations increase and decrease their
probe power until all stations have collected a predetermined
number of neighbors. This process consists of increasing and
decreasing the power level of probes and indicating in probes
which other stations’ probes are heard. In this way all stations
can learn what power level they require to reach various
neighbors.

[0111] Each time a station probes it indicates its transmit
power and noise floor and which stations it has as neighbors.
Every time a station hears another station probe it calculates
from the probe the path loss and power required to reach the
station from the path loss and the noise floor of that station.
The path loss to the neighbor and the power required to reach
the neighbor are stored in the neighbor table kept at each
station. If a neighbor is no longer heard then the path loss and
power level required to reach the station are increased or
“ramped” in the table until a certain level is reached at which
point the neighbor is removed from the neighbor table.
[0112] Ifa station has a message (or other data) to transmit
to a station that is not one of its neighbors, for example, a
distant station across the network, it begins to transmit fast
probe signals (or gradient gathering probe signals) to develop
information on how to reach that station. The information is
called a gradient and is an indication of the cumulative cost to
reach a destination station. When a station starts to fast probe
it indicates that it is looking for a destination and neighbors
hearing the fast probe will themselves fast probe until the
destination station hears the fast probes of its neighbors. The
gradient is then built through adding cumulative cost until the
gradient reaches the source, and the source can commence to

Nov. 13,2008

send messages to neighbors using the information developed
in the gradients to destination, which in turn can send them to
their neighbors until the destination is reached.

[0113] Each station keeps a record of the (cumulative cost)
gradients to each destination of each of its neighbors, and its
own gradient to the destination. In standard ODMA commu-
nications, each station only passes messages to stations with
a lower cumulative cost to destination. A station can pass a
message to any of its neighbors with a lower gradient to
destination. Neighbor gathering via slow probing and gradi-
ent generation via fast probing allow a station to develop a
number of choices of stations with lower cost to any destina-
tion that can send messages to such destinations. The neigh-
bors are maintained all the time via slow probing and gradi-
ents are only developed on a needs basis when messages/data
needs to be sent to stations that are not neighbors.

[0114] The ODMA methodology, particularly with regard
to the use of neighbor tables and gradient tables, is described
in detail in WO 2005/062528 entitled Probing Method for a
Multi-Station Network, In the present invention the fast probe
process described in that document could be used in a similar
manner to define a position gradient or distance gradient
through levels of neighbors with highest level of confidence
in respect of position determining accuracy to the destination,
based on defined position-relevant cumulative error func-
tions.

[0115] The probing process provides a considerable
amount of information about the neighbors of each station—
and indeed about the neighboring stations of each of the
neighbors. In the present invention, the identification and
maintenance of good quality neighbors is a key element in
determining the accuracy of the positions calculated and con-
sequently the ODMA neighbor gathering process through
slow probing is the primary mechanism used to assist in the
locating and positioning of a wireless station in the ODMA
network. Each wireless station uses the slow probing process
to identify and obtain information from the station’s neigh-
bors. A station is considered a “neighbor” in this sense if it has
been heard to transmit a neighbor gathering probe message,
and details of the neighboring stations identified will be main-
tained in each station’s neighbor table.

[0116] If an identified neighbor has itself transmitted a
neighbor gathering probe message that is received by a par-
ticular station, and the probe contains information of the
particular station’s own identifier, then the neighbor is flagged
as a “detecting neighbor” in the neighbor table. Typically
each station will adapt its neighbor gathering techniques
(generally by increasing data transmission rates and by pow-
ering down the strength of the probe signals sent out) to
maintain approximately 10 detecting neighbors. Of these, a
predetermined number of the neighbors with the lowest path
loss are flagged as “close neighbors” (for example, five sta-
tions). The information obtained from close neighbors may
be treated differently or preferentially and the techniques
used to transmit the information may also be adapted depend-
ing on the neighbors.

[0117] If a station is unable to acquire the minimum num-
ber of close neighbors when it is transmitting on full probe
power, it is referred to as a “lonely neighbor”. Other stations
that have acquired the required number of close neighbors
that can detect the lonely neighbor transmissions will let the
lonely neighbor know that they are detected, and may provide
additional information to the lonely neighbor.
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[0118] When not probing or sending other messages, each
station is listening for the probes of the other stations. When
heard, the receiving station can use the transmit power infor-
mation provided in the probe to establish the path loss to the
station. As each station is constantly identifying the close
neighbors with the lowest path loss, these neighbors are likely
to be either in direct line of sight, or have the best signal with
least interference.

[0119] Even stations merely able to listen will be in rela-
tively good connectivity with a probing station in a fully
operational network with many stations, as stations sending
probes will likely have powered down their transmission lev-
els in order to minimize their number of neighbors. In other
words, neighbors are typically chosen for the quality of con-
nectivity. Lonely neighbors are the exception, but will be
recognized by the stations (hearing their full power transmis-
sions and determining that they have less than the required
number of collected neighbors) and assisted.

[0120] Furthermore, the broadcast probes can include
information of the broadcasting station’s close and/or detect-
ing neighbors. This enables the stations listening to the broad-
casts to know the positions of the neighbors and this facili-
tates scavenging of additional information. Indeed, the
listening station could even probe specific stations from the
information derived in this manner if required.

[0121] By analyzing the information available at a station it
should be clear that some simple assumptions can be made
from path loss and signal strength information. If there is a
very low path loss, it is likely that the stations are in direct line
of sight (without any reflected signals). In such an instance,
the distance between the stations can be determined with
relatively high accuracy. This will provide a “raw” determi-
nation of distance and position. The slow probing methodol-
ogy gathers this information in the ordinary course of opera-
tion of an ODMA network, together with information
regarding any delays. The strongest signal is generally the
direct signal although there may be unusual circumstances
where this is not the case. It will be seen below that this form
of'potential ambiguity will be recognized and resolved due to
the mobility of the stations.

[0122] If path loss is high, assumptions can be made about
the environment—for example there could be interference,
barriers (such as buildings) or the stations might simply be far
apart. If a delay is registered, assumptions can be made that
there is a reflected or deflected signal. As there are likely to be
several neighbors in an ODMA network, it should be possible
to establish position from several independent sources and
verify information from other stations, and thus errors caused
by distance calculations based on reflected or deflected sig-
nals can be obviated.

[0123] Depending on the distance, different power and
modulation techniques may be utilized. If stations are close
by, sharp broadband pulses can be transmitted from which
distance and position can be very accurately established.
While wide spectrum or broadband signals allow higher data
transmission rates, the signals become blurred over increas-
ing distance unless the power is increased. Modulation tech-
niques may improve these problems to some extent, but to
travel greater distances a narrowed bandwidth at lower data
rates and increased power is required. The probing methods
used in the ODMA communications already adapt these char-
acteristics to optimize transfer of data, and can also be used to
enhance positioning calculations.
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[0124] In addition to their use in estimating the distance
between stations from the path loss and signal strength char-
acteristics, specific probes may be sent to neighbors to obtain
timing information relating to the time taken for the probe
signal to travel from the one station to the other and back
again. Provided that each station has a very accurate clock
incorporated in the unit, the times taken for the probe to be
sent to another station (the delta time), then to be processed at
the receiving station and then to be returned, can be used to
calculate distance using the speed of light (also being the
speed of propagation of radio signals).

[0125] In the ODMA environment, a probe signal may be
sent out to any neighbor identified in the neighbor gathering
process, with the probe incorporating a timer. This probe may
be separate and distinct from the neighbor gathering probes,
or the neighbor gathering probes may contain the timer so that
the neighbors listed as close neighbors will respond. On
receipt, the neighbor records the time the probe is received
and the time when the reply is returned after processing.
Whether the probed station returns the actual times of receipt
and sending of the response, or that station simply returns just
the processing time as such, it should be evident that by
excluding the processing time at the probed neighbor station,
the probing station can calculate the time taken for a radio
signal to reach the neighbor and return (in other words, twice
the distance between the stations). The speed of light is
approximately 3.0x10® nv/s, so if the calculated time for a
signal to reach the neighbor is 1 ps the distance between the
stations is 300 m.

[0126] Consequently, for location and positioning pur-
poses, in addition to the characteristics of general purpose
neighbor gathering probes required for ODMA communica-
tion, clock or timing information can be placed in the probe
with the unique ODMA identifier/address of each known
neighbor. Each station will hear broadcast probes from imme-
diate (close and detecting) neighbors and independent clock
or timing data will be sent back to each of the probing neigh-
bors. In this manner, both the sending and receiving neighbors
will have ongoing information regarding their relative dis-
tances from each other and will be able to maintain the accu-
racy of their relative positions.

[0127] As accurate transmissions are required for time-
based positioning techniques, short transmissions with accu-
rate time datum points are necessary. Well defined sets of bits
in the transmission start the clocks at the respective stations
when the sets are picked up in the probe and again when sent
back to the probing station, with an injected unique bit
sequence in the transmission effectively acting as a trigger.
This requires sophisticated hardware control, but enables the
very fast responses of the digital clocks available to start
counters and measure time very accurately.

[0128] When a probing station sends a transmission, the
specific bit sequence triggers the probing station’s clock to
start, and the probing station then waits for a response. The
unique bit sequence is then picked up at the probed station,
which starts a clock at the probed station that measures the
turnaround processing/delay time after receipt of the trigger
at this station, until the probe response is sent back to the
probing station. When this occurs, the trigger bit sequence is
again set, and the turnaround time is reported in the transmis-
sion. On receipt of the transmission at the probing station, the
trigger bit sequence stops the clock at the probing station,
which subtracts the turnaround time at the probed station as
reported; and consequently the duration of the round trip
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(excluding the processing turnaround time) is known. From
this information the station can calculate the distance
between the stations.

[0129] As illustrated above, the stations do not necessarily
need to have a universal clock to determine distances between
them, but it would be possible to update and synchronize all
the stations from one especially accurate clock on an ongoing
basis if this is desirable. To achieve this, a time transmission
could be sent out from a reference station acting as a central
time authority to provide each station with the exact time.

[0130] It must be appreciated that a transmission could
have been received over a particular hop that had poor con-
nectivity, in which case there will be some uncertainty regard-
ing the setting of the clocks’ time and the timing that is
calculated for distance determination. The lack of timing
accuracy or of synchronicity of the stations’ clocks, or poor
transmission quality, can all contribute to an inaccuracy fac-
tor. This inaccuracy factor is an error function that is a form of
cost function associated with each hop. These error functions
can be aggregated over multiple hops as the transmission
progresses, which provides an indicator regarding the cer-
tainty (cumulative error function) of the calculations based on
the information derived.

[0131] In order to reduce the effect of drift in the determi-
nation of the time taken over multiple hops, the time delay
(caused by each station processing the communication) for
each hop is determined. As stations will not necessarily know
how long it took for the message to arrive, a probe could be
sent to the reference station and, from the response received,
the station updating the time will be able to calculate the
delay. This information could be incorporated in the actual
time set for synchronization purposes at each station. A sta-
tion could obviously also request the correct time from the
reference station and then time the delay in receiving the
response.

[0132] The time synchronization could be performed via
many hops from the central time authority, and this synchro-
nization could be revised at regular intervals or on an ongoing
basis to minimize the effects of clock drift. In order to achieve
this, time updates could be radiated out by the central author-
ity and broadcast to the stations on the network using the
gradient updating techniques described in WO 2005/062528
entitled Probing Method for a Multi-Station Network, refer-
enced above.

[0133] As the central authority radiates out the clock
updates, stations receiving the time or clock update data could
choose to accept the update if the cumulative error or cost
function is better than that received in a previous update. In
other words, if the level of uncertainty regarding the integrity
of the transmission is determined to be worse than that of
earlier updates, the information could be disregarded in favor
of the older information which is considered more accurate.
The cumulative cost function description disclosed in WO
2005/062528 is relevant in the application of this invention as
well. Obviously, a transmission with time update information
received over one very long hop may well have a higher cost
function than a transmission over several hops of good qual-
ity. Consequently, where a transmission may be made over
two potential routes, the path with the lower cumulative cost
will be preferred as the distance determination will be more
accurate. Therefore the value of any distance calculations can
be prioritized based on the aggregated cost over the hops, or
in terms of the number of hops required, or both.
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[0134] To counter the effects of the inaccuracy and the
increasing error/cost function, each station can ascertain
whether the clock available at the proposed receiving station
is more or less accurate than the clock at the transmitting
station. As all the neighbors are passing their clock data
between them, the possibility of looping must be avoided (in
other words, when an update is received that was initiated by
that same station). WO 2005/062528 describes techniques for
preventing this looping through “freezing”. Essentially, to
avoid the loop, a counter will be initiated in the probes that
will register the number of times the updated timing data has
been passed between stations, thereby enabling each of the
stations to recognize how up to date the timing information is,
so that the use of less accurate timing information is avoided.
[0135] It will be appreciated that the maintenance of an
accurate local clock at each station greatly simplifies distance
calculations. The level of accuracy required in respect of the
distance calculation will dictate the level of accuracy required
in respect of the clock. By way of illustration, if a resolution
of'30 m is required, the clock must be accurate to 0.1 micro-
seconds (100 nanoseconds).

[0136] The operation of the network as a whole is also
simplified considerably if all the stations have local clocks
with synchronized times. In addition to the improved deter-
mination of distance, the synchronicity of the clocks provides
other benefits. For example, communication is potentially
more effective if stations hop between frequencies to different
channels, as this avoids interference. However, the commu-
nicating stations must move channels simultaneously, or in a
predetermined sequence, for this to be effective. If all the
stations involved have synchronized clocks, then this form of
communication is possible over the network.

[0137] Moreover, synchronicity facilitates the provision of
services and network management in absolute time, enabling
the central authority to request that certain stations move to
certain channels at certain times in order to receive informa-
tion, such as software or security updates, etc. Again, this
would minimize interference in the network as a whole and
additionally improve privacy. Hopping channels could take
place in response to a schedule (which could be determined
randomly by the central authority and communicated in
encrypted form to the stations) and this form of control is
obviously an important consideration in network manage-
ment and for service quality levels. However, to be effective,
all the stations involved must be capable of reacting accu-
rately when required to do so.

[0138] Regardless of whether the distance between stations
is calculated from signal timing or propagation analysis (or
any other analysis over the air interface), the other stations
may provide position information to some stated level of
accuracy. Position information could be provided as x/y/z
coordinates on a predefined reference framework, or simply
as latitude and longitude (to degrees, minutes and seconds),
calculated from position reference datum points (determined
through GPS positioning systems, for example, together with
a means of establishing elevation if desired). Any suitable
referencing, map, grid or co-ordinate system may be utilized.
[0139] As the ODMA process makes use of “peaks of
opportunity”, it is possible to select probe signals that have
low path loss, low multi-path distortion and “high quality” in
terms of measurement distance capability or in the time syn-
chronization. (Peaks of opportunity arise where peaks in the
signal strength or signal-to-noise levels are identified by
monitoring physical characteristics of received signals or by
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monitoring bit error rates as a function of time, so that trans-
mission power between stations can be reduced, which
reduces interference and reduces the necessity for the retrans-
mission of messages. These peaks may be due to factors such
as variations in signal path amplitude, frequency or phase
variation, noise or interference, multi-path effects, etc.) If
these probe signals using peaks of opportunity in terms of
distance calculation are used, then the distance measured is
considerably more accurate. Consequently, it should be
appreciated that not every probe signal need be used, but
rather those probe signals sent at optimum peaks of opportu-
nity should be used. This would be especially applicable in
very simple single hop situations.

[0140] Itwill be appreciated that the probing channels used
by the stations could be changed as well, upon request or in
accordance with a predetermined schedule for this purpose.
This would reduce interference and prevent any third party
attempts to block or access the signals. Moving the channels
over which the probe signals are transmitted makes it more
difficult to jam or intercept the signals. Therefore the signals
are more secure and private. As stated above, the changing of
probing channels requires accurate timing.

[0141] Ultimately, the distance calculations required
involve fundamentals of simple geometry. In the ODMA
network, among the many subscriber stations, there is a rela-
tively small proportion of wireless “seed” stations that are
interspersed within the region being covered. These seed
stations are not points of access or base stations that may be
provided in more typical wireless networks, like cellular tele-
phone networks or other networks providing cells of coverage
around one or more base stations or nodes. Seed stations are
simply stations that are made available for use as intermediate
relaying stations where necessary and are typically placed at
fixed positions (on lamp posts and on the roofs of buildings,
for example) to assist in the opportunistic routing of messages
between wireless stations. Seed stations are not fixed infra-
structure of the network and may even be removed when there
are sufficient other stations in an area.

[0142] Seed stations in the ODMA network are, to all
intents and purposes, just like other wireless stations except
that they are not used by subscribers and generally remain
stationary. However, there is no reason preventing seeds from
being moving stations, located on trains or vehicles, for
example. Although not essential, it is intended that most (if
not all) seeds will either be provided with data defining their
absolute position, or will have a means of determining their
position to some degree of accuracy. This would enable the
surrounding stations to establish their positions relative to a
fixed absolute datum point (although this does not necessarily
need to be a seed station).

[0143] In order to provide accurate positioning informa-
tion, and depending on their location, the seeds may incorpo-
rate station based positioning systems themselves (such as a
GPS system, which may be useful if they are intended to
move) or they can be loaded with information from a posi-
tioning determining device (such as GPS) at the time of
installation. However, due to the constant re-evaluation of
position in the general ODMA network system, a fixed seed
will gradually develop position information that should prove
considerably more accurate than may be atforded through the
standard station based GPS positioning system. This infor-
mation could be provided to a central authority, which could
authenticate the accuracy of the absolute position of the sta-
tion for use by the other stations on the network. There may
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also be other stations in the ODMA network that incorporate
other station based positioning hardware. For example, GPS
receivers might be provided in certain subscriber telephones
and other devices. The above described absolute “position
enabled” fixed seeds and any other independently “position
enabled” stations, which can be referred to as “mobile seeds”,
will help to provide the initial “accurate” absolute positioning
information, as wireless stations are first added to the net-
work. Although many wireless stations may initially be well
out of range of the stations having absolute position informa-
tion, it will become evident from this description that the
network will grow and share this information in a manner that
will eventually (typically quickly) encompass almost all, if
not all, the stations on the network.

[0144] In much the same manner as described with refer-
ence to the prevention of drift in the accuracy of the clocks
above, it may be possible to have one or more extremely
accurate datum points for position reference purposes, from
which other stations can confirm their position with extreme
accuracy. The determination and containment of cumulative
error functions with respect to the position will also operate in
a substantially similar manner, with each station utilizing the
highest quality of position information with least error.
[0145] Each of the stations in the ODMA network will
begin gathering neighbors through the slow probe process. In
doing so they will each quickly establish whether there are
any neighbors that have absolute position information. This
information may be provided in the probe together with the
station identifier. Some of these stations may be significantly
further away or have a poorer quality of connectivity relative
to the other neighbors. However, there may be other stations
among a station’s neighbors that are in a better position rela-
tive to these absolute positions.

[0146] It should be clear that the closer one station is to
another, the less the error that will be incorporated in calcu-
lating the distance through the techniques referred to above.
The greater the distance of the hop traveled by the signal, the
greater will be the error function. If there are many stations
that are closely located with accurate position information,
then other stations will be able to establish their positions
relative to these stations with great accuracy. Consequently,
even if information about a station with a determined position
that is far away is passed through several short transmission
hops or steps (each intermediate station directly or indirectly
assessing its own position relative to the station identified as
having a determined position, and from others that may be
within its group of gathered neighbors), as each hop is small
there is minimal error passed on to the station that is attempt-
ing to establish its location. This is because many small hops
of good quality with excellent position information provide
far more accuracy in determining position than one bad qual-
ity hop with poor information. As each station gathers more
neighbors with fixed absolute position information, each sta-
tion can test the quality of'its information against information
acquired through entirely different sources; and gradually the
positioning will become increasingly accurate.

[0147] It should also be apparent that the neighbor stations
will quickly be able to determine their relative positions to
each other, even where their positions may be uncertain geo-
graphically. When information is received that enables one of
these stations to verify its actual position, all the other stations
will be able to establish their own geographic positions
almost immediately due to their prior determination of rela-
tive position. In certain circumstances, relative positioning
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may be all that is required. For example, two people wishing
to meet up in a large park may not need to know details such
as latitude, longitude and elevation—they simply need to
know how far to walk and the direction to be taken in order to
meet up. In other words, all they need is the vector comprised
of distance and direction.

[0148] Alternatively, a station may only wish to know
where certain other stations are relative to each other, while
not requiring absolute position, or even position relative to the
original station as such. For example, a father may merely
wish to be sure that his wife and child are constantly close
together, or a police dispatcher may require confirmation that
police personnel are not separated from their firearms or from
their vehicles. Indeed in an emergency situation it may only
be important to know the relative position of the station
requiring assistance from the emergency personnel available.
[0149] In summary, positioning information may be
required in respect of the absolute position of one’s own
station; or the absolute position of other stations; or the rela-
tive position of one’s own station to another station; or of
another station’s relative position to other stations. Of course,
absolute positioning knowledge enables relative position
knowledge automatically, while the reverse is not true. In any
event, all of this position information may facilitate the pro-
vision of all the location based services and applications that
are available.

[0150] In an ODMA network, it must be appreciated that
many stations may be mobile and will be establishing their
locations from other stations that are themselves mobile. Intu-
ition would suggest that a particular station attempting to
establish its location may well be several hops away from a
wireless station with a fixed position (relative or absolute) or
from an absolute position that is established independently of
the network (stations with GPS or other positioning devices).
However, in an ODMA network the positioning mechanisms
are also dynamic with “growing connectivity”—where any
stations initially having unknown location ultimately become
“engulfed” by the position information gathered by the sta-
tions determining their own positions. The network station
position information “crystallizes” iteratively across the net-
work. In addition, not all stations will be moving all of the
time, so any station attempting to establish its position will
probably utilize information received from stations that are
known to be stationary as these will be considered more stable
and reliable.

[0151] Some stations may need to be patient and wait for
their neighbors to establish their own positions; but it should
be evident that as neighbors are gathered on an ongoing basis,
the information necessary to establish position will become
increasingly available across the network. This will mean
more and more stations will have sufficient information to
update their own position and pass on information to assist
others. If necessary (and certainly at the initial stages) the
stations can ramp up their probing signal strength to have a
better chance of identifying a neighbor further away that may
have position information, in order to obtain the necessary
initial information, and then power down again once an indi-
cation of position is established.

[0152] The iterative, crystallizing nature of the process is
illustrated in a very simplified and merely indicative form in
FIGS. 2 and 3. In FIG. 2(a) a geographic area of the network
is represented, having a number of users. Some users are
represented as being closely populated, others are spaced
further apart. There are several fixed seeds in the area with
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position information and some mobile seeds, or stations with
positioning devices, although it will be appreciated that the
number of initial stations with position information, whether
fixed or mobile, is low relative to the total number of stations.
[0153] The first step in the process is for the stations to
gather neighbors and this is illustrated in FIG. 2(4). In the
example illustrated, each station aims ideally to develop only
3 close neighbors, although it will be evident that certain
stations (some of which are indicated) have established less
than the minimum at this initial stage.

[0154] FIG. 3 shows the same network illustrated in FIG. 2
over time. At time t, (as shown in FIG. 3(a)), none of the
wireless mobile stations in an area have location information
from the network. However, there are several fixed seeds
interspersed throughout the area and there are also some
mobile seeds, or mobile stations that have independent posi-
tioning systems. At time t; (FIG. 3(5)) several stations have
successfully developed position information from the seeds
and the stations with known positions according to a first
embodiment of the invention. Notably, stations in more
densely populated areas determine some form of position
(relative or absolute) more quickly. In FIG. 3(¢) many of the
stations that had only determined relative position before now
have neighbors with absolute position that enables these rela-
tive positions to very quickly become absolute.

[0155] FIG. 3(d) shows time t, for position determination
according to a second embodiment of the invention. Here
only absolute position is determined. As more and more sta-
tions are able to establish their positions, other neighboring
stations will also be able to determine their own positions and
the number of stations with known positions will grow itera-
tively and exponentially as is shown at time t, (FIG. 3(e)).
[0156] Inbothoftheillustrated crystallization mechanisms
illustrated, ultimately, all of the stations on the network that
are able to locate neighbors will be capable of establishing
position to a greater or lesser degree of accuracy—then reas-
sessing information and refining position as updated or alter-
native information is made available. Even lonely neighbors,
unable to develop the minimum number of neighbors, may be
provided with information from the other stations to establish
their position (unless completely outside propagation range).
However, depending on the distance, the quality of informa-
tion may be relatively poor and consequently less accurate.
[0157] FIG. 1 described a situation where three stations
with known position could communicate their absolute posi-
tions to a station R and from the three sources of position
information the position of R could be established. However,
if R could only hear the transmissions of the three stations, but
did not receive absolute position information, then all that R
could conclude is that the other stations are each a certain
distance from it. This principle is illustrated in FIG. 4(a),
where a station A can receive the transmissions (or may have
probed and received responses) of three neighbors A1, A2 and
A3, thereby determining that these stations are all within
certain “orbits” of A at distances al, a2 and a3, respectively.
However, station A would not be sure where on the orbits the
stations are located. FIG. 4(b) indicates where the stations are
actually positioned relative to each other, but none of them
can determine this initially.

[0158] Ifall the stations illustrated could hear some or all of
the probes from the other stations, or share information with
each other, then more conclusions can be drawn about their
relative positions. This is the primary concept of a first
embodiment of the present invention, the mechanism of
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which will now be described with reference to FIGS. 4(c) to
4(e). In the ODMA technology, each station gathers and
maintains neighbors; in the example of FIG. 4 station A has
gathered three stations. In FIG. 4(c), it is apparent that A1
shares A3 as one of the neighbors that it has itself collected. In
the example, Al could have gathered other neighbors (in
addition to A3) that may or may not include A and/or A2, as
each station in the network will be identifying and collecting
its best possible neighbors; and while A1, A2 and A3 may be
best for A, other stations may well be better for A1 (although
here A3 is shared).

[0159] In any event, in ODMA each neighbor will share
information in respect of its collection of neighbors main-
tained in its tables, so Al will know from A that A3 is one of
A’s neighbors, and Al will also be able to establish from A
that the distance between A and A3 is a3. A1 will also have
been told its distance al from A and A1 will consequently be
able to determine that the distance between Al and A3 is al a3
by triangulating. A3 will be receiving information from both
A and Al (as it is a close neighbor of both stations) so
regardless of whether A or A1 are its own collected neighbors,
it will know all three distances as well. Consequently, all three
stations know their relative distances from one another, and
although A3 could be at A3' (an ambiguity), Al and A can
establish both distance and relative direction—in other words
there is a relative vector between them (these stations are
shown in bold and now have relative position information). It
should be appreciated that in this initial triangulation, the
calculation is made based upon highly accurate information
that is shared.

[0160] FIG. 2(d) shows A2 has also gathered A3 as one of
its neighbors. As described above, this means A2 and A can
determine a vector between them despite the ambiguity of
A3’s possible position at A3". However, because the actual
distance between Al and A3 is known by A, it is clear now that
A3 can only be in one place, so A3' and A3" are discarded. In
other words, the shared information between the neighbors
has enabled A to resolve the ambiguity and this can be com-
municated to all of A’s neighbors in the nest probe (which will
pass the information on to their neighbors). However, all that
has been determined with great accuracy at this stage is rela-
tive position (shown in bold), For station A this means that the
cluster of stations still orbit around it as illustrated in FIG.
2(e), but at least it is in a fixed orientation or “constellation”
at this point in time. In reality if the cluster chooses to appoint
one station as a datum point (e.g. 0,0,0), then the stations can
all describe each other with relative bearings but they actually
operate in relative orientation in an undefined three dimen-
sional space.

[0161] This is shown in FIG. 5. FIG. 5(a) illustrates that
Station A and its neighbors in FIG. 4 are in fact orientated in
three dimensions relative to each other. FIG. 5(a) shows that
the cluster described in FIG. 4(e) is actually rotatable and
moveable in any plane (the cluster is illustrated in various
possible three dimensional orientations relative to the abso-
Iute point at A). FIG. 5(c) shows that there may be a more
complex three dimensional relationship with additional sta-
tions, but in the figure point A and B are now know absolutely
in the space. With two positions fixed, the entire arrangement
that had been only defined relatively is now fixed to a greater
degree, but is still rotatable around an axis as indicated in
FIGS. 5(c¢) and 5(d). If an additional point C is fixed abso-
lutely, in FIG. 5(e) then the positions of the entire three
dimensional structure is fixed absolutely and every other
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nodal station can now be fixed absolutely. In the present
invention, each station will have the information of each
neighbors’ station so this information will be distributed
through the network with minimal additional probes.

[0162] It should be understood from FIG. 5(c¢) that the
absolute position information that is initially available to
stabilize the overall position determination in the network can
be many hops away from the station attempting to fix its
absolute position. As this information is relayed over high
quality hops, and as the relative positions can be established
with great accuracy, the accuracy of the positions communi-
cated across the network is inherently precise. The above
description has illustrated an apparently static network for
simplification of the explanation. The invention must not be
understood as being limited in this respect as in reality, the
invention contemplates a dynamic network of mobile sta-
tions.

[0163] It must be appreciated that, even in a highly mobile
environment, the positioning process can be very accurate if
the probing mechanism is undertaken many times a second.
Thus, if a first station requires position information relating to
a second station that is moving relative to the first station, the
first station can transmit gradient gathering probe signals
addressed to the second station at an increased rate selected to
provide enhanced resolution of the position information.
These gradient gathering probe signals can be transmitted
directly to the second station, or via one or more intermediate
stations.

[0164] Forexample, the fast (gradient gathering) probing in
an ODMA network can take place several thousand times per
second. In such circumstances, even if two vehicles were
traveling towards one another at 180 km/h, in other words a
cumulative speed of 360 km/h (or 360,000 m/h, or 100 m/s),
if probing is taking place at 1,000 times per second, the
vehicles will have moved only 10 cm relative to each other
between probes. In general, the increased rate of transmission
of the gradient gathering probe signals is at least two times
greater, and preferably at least an order of magnitude greater,
than a standard rate of transmission thereof. As a result, even
when stations are moving at relatively high speeds relative to
one another, the stations appear relatively “static” to one
another when their positions are measured with enhanced
accuracy.

[0165] The gradient gathering probe signals need only be
transmitted at an increased rate while the first station requires
the enhanced position information. Otherwise, the increased
probing rate would consume network resources unnecessar-
ily.

[0166] FIGS. 6(a)to (f) relate to a more detailed description
of'the process of the second embodiment ofthe present inven-
tion. FIG. 6 is a series of connectivity diagrams showing five
stations in an ODMA network, labeled A-E. As in the previ-
ous example, it should be appreciated that the stations form-
ing the network may be devices of varying type. In this
illustrated example, there are telephone handsets (telephony),
computers or PDAs (data provision, via the Internet, for
example) and a seed station. In the sequence illustrated, each
of the stations has generated up to four close neighbors,
labeled 1-4 for each station. Some of the neighbors are shared
as close neighbors between the stations (D3/E2 and C1/E1).
In FIG. 4(a) all the stations lack position information (repre-
sented by circles), with the exception of the seed station E
which has absolute position (represented by a diamond). In
addition there are two close neighbor stations that have abso-
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lute position information from the outset, namely C1/E1 and
D2 (both being represented by diamonds). Neither stations A
nor B have any information from immediate close neighbors
regarding position.

[0167] (Under standard ODMA processes, however, B
would have information about E from the probes sent by C. In
this second embodiment the additional information received
through neighbors is of lesser relevance to the fixing of posi-
tion.)

[0168] It will be immediately apparent that from the start
stations C and D will be able to establish that they are within
certain radii of the seed station E, using the technique illus-
trated schematically in FIG. 1(a). In addition stations C and D
will be able to establish that they are both at either one of two
particular points, as they each have absolute position infor-
mation available from two close neighbors (refer to FIG.
1(5)). Either of these two mechanisms for determining posi-
tion may already provide sufficient accuracy for the purposes
of stations C and D. Furthermore, surrounding neighbor sta-
tions may be able to assist in removing any ambiguity in
position, as discussed below.

[0169] FIG. 6(b) shows that the close neighbors of stations
A to E in actuality each have several close neighbors of their
own, some of which may already have absolute position
information (represented by diamonds). This determination
of neighbors and position information for these neighbor
stations will have been acquired or determined independently
from other stations in the greater network by similar pro-
cesses as described here. These processes will be taking place
simultaneously across the network, outwardly from and
inwardly towards the stations illustrated, but for simplicity
only the mechanisms operating in respect of the identified
stations are described.

[0170] For purposes of explanation of the positioning pro-
cess, the stations have not been shown to be moving, although
as indicated above they will be capable of doing so in the
ODMA network. Similarly, as in the first embodiment, the
neighbors being maintained adaptively remain static for illus-
trative purposes only, although the close neighbors could be
changing due to variations in the connectivity available. FIG.
6(c) shows the connectivity diagram after initial probing by
the stations. It can be seen that close neighbors A1, C3, B2 and
D3/E2 now have at least three of their own close neighbors
that have fixed their absolute positions (the fixed positions of
these neighbor stations being established by means indepen-
dent of the example provided in respect of stations A-E). This
has enabled these stations to triangulate their positions from
these neighboring stations. Consequently, stations C and D
now have at least three neighbors with absolute position infor-
mation within one hop from which they can triangulate.
[0171] At a later time, as shown in FIG. 6(d), stations E3,
C2, B1 and A4 have also successfully obtained absolute posi-
tion information through triangulation, thereby providing sta-
tion D with 3 close neighbors and station C with four close
neighbors from which to determine position. As the four
stations around station C have not gathered their position
information from the same neighbors, station C will have
additional information that will allow triangulation from dif-
ferent stations and thereby facilitate testing of the accuracy of
the position established. From this information, other sta-
tions, even position-enabled stations, such as the seed station
E, will themselves be able to test and refine their own posi-
tions using position information obtained from the other sta-
tions, enabling the overall level of positioning information in
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the network to improve in accuracy through the different
information opportunities made available.

[0172] Although it might appear redundant for position-
enabled stations to participate in such a process of refining
their position information, it will be understood that GPS and
other positioning systems are only accurate to a certain degree
(say, to within 10 to 15 meters) unless enhanced with addi-
tional data or equipment. As the other stations are able to
consolidate and refine their positions from alternate sources
of position information, it may become apparent that the
position of a seed station is not actually all that accurate. If
there are many other stations near the seed station, the accu-
racy attainable could theoretically be of the order of centime-
ters as even radio propagation will provide very accurate
distance measurements over short transmission hops of high
quality. It is also possible that a seed station may have been set
up inaccurately (for example, the seed station may have been
inadvertently moved after being programmed with GPS-de-
rived position information, or it could be faulty). The more
stations made available, the more accurate all the positioning
will be in the network as a whole, especially in respect of each
station relative to the others. If certain stations have a higher
quality of position information, the station will be preferred to
others in the testing process. In this way, any anomalies
should be easily highlighted and can be corrected.

[0173] By the time shown in FIG. 6(e), station B now has
sufficient information with which to triangulate and by the
time reflected in FIG. 6(f), station A is able to determine its
absolute position.

[0174] It is important to reiterate that regardless of the
embodiment used, prior to each station receiving information
regarding position (relative or absolute), the station may have
location information that is sufficiently accurate for the pur-
pose required. The main feature to recognize is that the posi-
tioning becomes increasingly accurate as more information is
made available through neighbor gathering. Consequently,
the connectivity and positioning information expands and
grows very quickly to cover the entire network. Even though,
station A in FIG. 6 for example may have been located in a
seemingly inaccessible location, such as an underground
basement, with neighbor gathering through slow probing, the
location of station A may still be determined. As previously
indicated, even though station A may not have initially known
its absolute position it may still have sufficient information to
establish its relative position to station B and the other sta-
tions.

[0175] This is a significant advantage of the process,
enabling stations which would otherwise have no means of
establishing position, such as stations located indoors or
underground, to be located through the neighbor gathering
process. Through the probing process and the multiple hops
available to stations with the information required, there are
effectively many stations that can find hard to reach stations.
The more stations provided, the more difficult it will be for a
station to remain undetected. Another advantage is that, as
some stations have accurate information being provided on an
ongoing basis, any stations that have poor information with
which to calculate position initially will be able to analyze
information received and refine the earlier iterations in the
calculation of position. This activity is similar to the ODMA
opportunity driven routing mechanism for communications,
in that the more neighbors available, the greater the number of
optimal opportunities available as choices for a station to
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locate high quality information on position and relative
movement from its neighbors.

[0176] The ODMA communication network is able to
establish station positioning information in real-time, and the
more stations in the network the greater the accuracy will be.
While the movement of many of the stations may complicate
the process on the one hand, as positions are constantly
changing, the relative movement does provide additional
information which, perhaps a little counter-intuitively, further
enhances accuracy and the amount of information available.
[0177] As previously indicated, some stations will be able
to relay the fact that they are not moving, and may even
provide a predetermined grading of the quality of the posi-
tions determined. The longer the station remains immobile
the more accurate the position will likely become. Being
cognizant of the reliability of certain information, stations
that are mobile will utilize these stations with enhanced accu-
racy preferentially in comparison with their other neighbors.
However, stations will also be able to detect relative move-
ment of their own position or that of other stations. As a
station moves, a stations will recognize that the distance is
changing and in combination with other stations will be able
to calculate speed and direction by geometric techniques.
[0178] However, there are also dynamic signal characteris-
tic effects generated that may be monitored and these char-
acteristics provide information when analyzed, namely
changing signal strength, phase shift, Doppler shift and multi-
path distortion. Should two or more stations receive informa-
tion through probing in relation to the same moving station,
then collaboratively these radio characteristics will provide
information in respect of the direction traveled and the speed
of travel. For example, if all neighbors detect the Doppler
shift, motion will be detected and between them, the stations
will have sufficient information to make sense of the move-
ment in terms of direction and speed in real time.

[0179] When analyzing signal characteristics, there are a
number of issues that impact on the transmission quality of
signals between stations and this information can be analyzed
to provide positioning and relative movement of stations. As
radio frequency signals take different paths from a source to
a destination station, part of the signal may travel to the
destination station directly, while another part may be
reflected or deflected off or through obstructions prior to
reaching the destination. As aresult ofthe reflection or deflec-
tion, part of the signal will experience a time delay as it takes
a longer path and will lose more energy than the part of the
signal following a direct route. Multi-path distortion is a form
of interference that occurs as a consequence of the different
paths taken by the direct and deflected signals, as they sub-
sequently combine, causing distortion to the desired wave-
form.

[0180] As ageneral rule, the signal strength will be affected
primarily as a result of the distance traveled (usually due to
free space loss as the signal power is spread out over the
surface area of an increasing sphere). However, signal
strength will also diminish through losses encountered by
passing through certain media and also by virtue of the multi-
path propagation problems (multiple copies of a signal may
arrive out of phase, adding destructively and lowering the
signal level relative to noise). Consequently, if the path is line
of sight then signal loss may not be severe, but in urban
surroundings the path of the signal is likely to reach the
destination station after reflection, diffraction, refraction and
scattering of the signal. A fast relative movement between
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stations will result in the receiving stations experiencing rapid
fluctuations of the signal strength (in amplitude and phase).

[0181] While analysis of the signal characteristics can lead
to better assumptions, it is still possible to interpret the infor-
mation incorrectly. For example, the strongest signal will
generally be interpreted to be the direct signal, with the
weaker signals interpreted as deflected signals. However, if
the main signal traveled through a highly attenuated path
(through walls or thick vegetation) it may be that the deflected
signals are stronger and it will be difficult to differentiate the
direct signal from the multi-path signals—and this will mean
more errors in any distance calculations. With more stations
available for assessment calculations these peculiarities can
be recognized very quickly as the stations are obtaining their
own information from different positions relative to the sta-
tion and its neighbors.

[0182] In addition, because some of the stations move, the
inconsistencies will be picked up more easily by virtue of the
new calculations processed. As direct and deflected signals
are better differentiated, stations will be able to determine
whether they themselves have been moved, or whether one or
more of their neighbors have moved, as well as the direction
and speed of the movement. The information could be utilized
as a factor in determining whether to prefer information
received from one station over that received form another.
[0183] In a cluttered environment there is less likelihood
that the source and destination stations will be in directline of
sight—but there is a strong chance that many of the relaying
stations are indeed in line of sight from each other. This means
high quality information is being passed on along the route.
[0184] Itwill be appreciated that if any stations use a direc-
tional antenna in the network then only two other neighbor
positions would be required to fix geographical position, and
if there is additional information from another party the sta-
tion can quickly determine whether there are reflected or
refracted signals or multi-path distortions as well. In addition,
the mobility of the stations increases the chance of these
discrepancies being noticed and corrected, enabling more
advanced techniques to be used that can demodulate or sepa-
rate the waveforms using encoding in the waveforms et cet-
era.

[0185] FIG. 7 is illustrative of some of the processes taking
place around a subset of the stations shown in FIG. 2. In FIG.
7, three stations A, B and C are shown, each of which has
developed ten neighbors by probing. The extent of propaga-
tion transmission strength of probe signals required from
each station is shown, such that each station has gathered ten
stations as neighbors, of which five are “close neighbors™ and
labeled 1 to 5. Station A requires the least power to gather the
minimum numbers of neighbors as they are in a closely popu-
lated area. Station B requires the greatest power.

[0186] Ofthestations shown, it can be seen that only station
C has three neighbors having known position within its group
of detected neighbors, so station C can establish its position
by triangulation immediately using the mechanisms of the
second embodiment of the invention described above. It can
also be seen that certain neighbors of the stations are shared
with other stations. For example, neighbors C5 and A2 are
amongst station B’s detected neighbor stations.

[0187] FIG. 8(a) shows the stations of FIG. 7 that have three
stations of known position within their ten detecting neigh-
bors and within the maximum power levels needed to gather
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ten neighbors with established fixed positions. Stations D, E,
and F are accordingly able to triangulate and establish their
own positions.

[0188] FIG. 8(b) shows the stations of FIG. 8a) a moment
later, after stations E, H, and I have been able to triangulate
their positions following the position fixing of stations C, D,
E, and F. It will be appreciated that all these stations now have
more than three stations with absolute position from which to
triangulate, enabling testing and refinement of the positions
already determined.

[0189] FIGS. 8(a) and 8(b) show the mechanism where
some of the stations are spaced relatively far apart from one
another. FIG. 9 illustrates some of the mechanisms that may
take place when stations are in more densely populated areas.
In FIG. 9(a) for example, the transmission power bounds of
station A (of FIG. 7) and two of its close neighbors (A3 and
Ad4) are shown. It can be seen that because the stations are
close together, each of the stations is able to obtain the mini-
mum number of neighbors at relatively low power settings.
However, this means that all of the stations with fixed abso-
lute position information are not maintained as neighbors,
leaving stations A, A3 and A4 only able to determine relative
position information.

[0190] However, the slow probe process provides essential
information about the neighbors of a station’s neighbors. For
example, in FIG. 9(5), station A will maintain station A4 as a
neighbor and in so doing will be listening to the probes
received by station A4. Station A will consequently know that
station A4 has two neighbors that have absolute fixed posi-
tions. Station A4 itself will be attempting to determine its
position and will be able to establish that it is at one of two
positions (refer to FIG. 1(4)). Station A4 will know the dis-
tance to each of its neighbors and many of the neighbors of
these neighbors will know the distance to station A4. Between
them, as some stations will not be able to hear station A4
despite it potentially being close, the stations will quickly be
able to resolve the ambiguity and determine the true position
of station A4 from the two available alternatives. Once a fixed
position for station A4 is established, station A will have two
stations from which to establish its position using the meth-
ods described in the second embodiment. The other station A
neighbors may be able to assist in resolving any ambiguity in
station A’s true position from the two available possible posi-
tions, or station A3’s position could soon be determined, as
represented in FIG. 9(c).

[0191] Once the absolute position of station A3 is fixed,
station A can triangulate its own position as shown in FIG.
9(d). It should be appreciated that all of the stations surround-
ing station A will have been able to each determine their
relative positions in relation to their neighbors. Consequently,
as soon as the position of one of the stations becomes fixed
absolutely, all the others will be able to determine their own
absolute positions almost immediately. It should also be
apparent that even without the knowledge of station A3’s
position, station A could have resolved the ambiguity sur-
rounding its position. The fixing of station A3’s position
enables station A to verify the position previously established
and improve the accuracy. This scavenging of information to
resolve ambiguity and improve accuracy is a key benefit of
the ODMA positioning process through probing, enabling
conclusions to be made through the stations each mutually
assisting each other.

[0192] If there were only a few neighbors in a sparsely
populated network, errors in any absolute position provided
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would be passed on from station to station. However, the
relative positions of the stations to each other would be very
accurate, as the determination of distance can be very accu-
rate depending on factors such as the distances involved, the
mechanisms used and the quality of the connectivity between
stations. As more stations become available on the network,
that have established their own location accurately, the better
the quality of information that is accessible for analysis and
the more accurately the station’s own position can be deter-
mined.

[0193] For example, in the event that the triangulated posi-
tions that are calculated at a station conflict (using informa-
tion from different sets of stations), with further analysis it
may be possible to determine where the inaccuracy arises. If
there is convergence on the position from several sites on a
simultaneous basis then there is a strong inference that one
position determination is reliable, and in this manner the
network positions can be corrected on an ongoing basis and
becoming increasingly accurate. Moreover, the stations will
be able to assist each other in resolving ambiguities as will be
made evident below.

[0194] This process is further illustrated in FIG. 10 using
mechanisms described in the first embodiment of the inven-
tion. In FIG. 10(a) for example, as in FIG. 4 above, station A
readily establishes distances to its neighbors (three of which
are illustrated (A1, A2 and A3)). Al has neighbors A11, A12
and A13, as shown in FIG. 10(5). As A1 shares A2 (also A11)
as a neighbor, the relative positions of A, Al and A2 are
quickly determined. Similarly, A13 has A2 (also A131) as a
neighbor, so the relative position of A13 can be established.
However, because a station receives all the information of the
neighbors of its own neighbors, this can be shared two hops
ahead. So in the illustrated instance, A1 and A2 will know the
distances from themselves to A and from themselves to A13.
A will consequently know its neighbors’ neighbors, and con-
sequently knows the distances between Al and A13 and
between A2 and A13. From this, A will know exactly where
A13 is relative to A (and vice versa) despite the fact that the
stations are two hops away and not in communication with
each other. Indeed the neighbor tables held by the stations
could maintain information of another level of neighbors (the
neighbors of A13 through Al and A2, for example), that
would enable position to be determined over three hops. If
this were the case, A would realize that A133 is a station with
absolute position information, as well as C1 and C4.

[0195] In any event, as the stations determine their relative
positions, by FIG. 10(d) a station with absolute position infor-
mation is a neighbor of A13 and A2. If other stations in the
network, even if far apart, have absolute position, they can
establish absolute position in subsequent communications
from the stations with this information. It must again be borne
in mind, however, that the mechanism described above is
happening in all directions outwardly from each and every
station, so station A will be receiving relative information (to
two hops) initially from several sources, and then absolute
information from several sources (FIG. 10(e)). So A and the
other stations will ultimately be in a position to fix their
absolute positions, then verify or refine these continuously.
The crystallization effect will be relatively rapid, then very
rapid when absolute positions are available, and then consis-
tently readjusted.

[0196] FIG. 11 shows an alternative means for station A to
gather the minimum number of fixed stations—it can simply
increase the propagation strength of its probe signals until it
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reaches sufficient stations. However, it is preferable that the
ODMA network as a whole operates at lower power levels as
this increases the overall efficiency, by minimizing interfer-
ence and collisions of transmissions, for example. Thus,
although this method certainly may provide the required
information quickly, the accuracy will be reduced by virtue of
the greater distances involved and the chaotic signaling that
will be created. Of course this process will be refined as more
positions in the network are established.

[0197] However, before this alternative process is initiated,
it is much more preferable that stations slowly generate
neighbors and remain patient. If necessary, messages could
be transmitted through the network to indicate that good
connectivity is available, as this will communicate to each
station that the station is not completely isolated and will be
located in due course. Alternatively, the isolated station could
send discrete enquiries to its neighbors, or to certain desig-
nated stations, or with an instruction to locate certain catego-
ries of station and redirect the message to the station so that it
can reply with information relating to the progress that may
be made in locating the isolated station. This will help to
mitigate the need for increasing transmission power levels
and should reduce the chaotic consequences of doing so.
[0198] Provided there is connectively from source to des-
tination, then gradually all network station positions will be
determined, even if there is only one datum point. In a com-
munications network, messaging connectivity could be estab-
lished through the processes described in WO 2005/062528
entitled Probing Method for a Multi-Station Network and
PCT/IB2006/001274 entitled Multi-Medium Wide Area
Communication Network. If the other station can be commu-
nicated with in this manner, then it is clear that there is
connectivity to that station and the positioning process can be
undertaken. If necessary, the position of either the first,
requesting station or the position sending station can be set as
adatum point (for example, in an X, y, Zdimensional space the
datum point could be set as (0,0,0)).

[0199] If a first station wants to know the position of
another station in the network, it could send out a position
request message as a regular communication message, which
in turn could initiate a positioning process if appropriate. The
position request message could be addressed to a central
authority maintaining position data and/or position determin-
ing data of stations in the network, or could be sent to any
other appropriate station that may have this information, or
access to the information, including neighbors of the first,
requesting station for onward transmission to the other sta-
tion. Alternatively the first, requesting station could address
the position request message directly to the other station, and
the latter station could transmit a message back to the first
station via the network with the required position informa-
tion, or initiate a position gradient back to the requesting
station.

[0200] Ifthe requesting station provides the datum (broad-
casting to everyone where it is), then other neighboring sta-
tions will determine their positions relative to the requesting
station, with the certainty of position information expanding
like a crystalline structure, until the desired station is located.
Relative position or absolute position, as the case may be,
could then be communicated as available, but in either event,
there will be a relative vector available in respect of the
stations.

[0201] Alternatively, the sending station can generate the
crystallization process from itself as the datum point. This
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would grow outwardly until an absolute datum is reached and
communicated back to the station.

[0202] Indeed, any station could initiate a fast probing
mechanism to determine position even in circumstances
where the other stations are not maintaining position continu-
ously. In such circumstances, the station attempting to deter-
mine its position will transmit probes with certain instruc-
tions, for example asking other stations to initiate probing
themselves. The extent of the probing could be specified to
apply to stations receiving the probe within a predefined
number of transmission hops from the station wanting to
determine its position; and the extent of the probing from the
recipient stations could also be limited to a certain number of
hops form each of these stations. From this information sta-
tions would quickly establish at least relative positions with
respect to one another, and if the requisite number of stations
with absolute position information were located within the
specified number of hops, the “crystal” expanding from the
original station will be fixed absolutely; enabling all stations
involved to establish position. If absolute position stations are
not found, or if a desired destination is not located within the
crystal generated, the initiating probes could now specify an
increased number of predefined hops to be probed in order to
expand the crystal growth in an attempt to locate the desired
stations (either specific destinations or stations with position
information). In this manner, position determination might
only be activated “on demand” by stations in the network
when required or for so long as needed, and in the process the
stations involved would assess their own position which
could be recorded. If a desired destination station is located,
the gradient between the originating and located stations
could be maintained for as long as is desirable for the purpose,
and then stopped to minimize usage of network resources. Of
course, in a network not requiring ongoing position informa-
tion, the network itself (or portions thereot) could be asked to
undertake this process intermittently from one or more sta-
tions to establish station positions and then to stop.

[0203] The slow probing process has the primary role of
gathering neighbors of high quality. In this mechanism, the
positioning crystallization process is first generated and then
requests are made for position information. However, it is
possible to utilize the fast probing process to find other sta-
tions, developing the crystallization through the network
between the stations until it finds the desired station. A “dis-
tance gradient” could then be built back to provide the relative
vector between source and destination stations and main-
tained “on demand”.

[0204] InFIG. 12(a), a station X is attempting to establish
the whereabouts of a station A1. Although A1 is three or more
hops away, X can send out a fast (or gradient gathering) probe
signal looking for Al. Once located, A1 will respond and a
gradient will be returned through the stations, each providing
the distances and directions available between the intermedi-
ate stations, from which X can establish a relative or absolute
vector to Al, as the case may be. FIG. 12(5) shows that the
gradient could be defined through various combinations of
intermediaries. It may be that a route through a greater num-
ber of high quality hops (e.g. shorter hops through al-a5) is
more accurate than a smaller number of hops (longer, or
poorer quality hops 1-3); and the better choice from which to
determine position might be assessed using cumulative
errors.

[0205] The fast probing of this nature could be maintained
simply to locate a station for a particular purpose and then the
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probing will stop, or it could be maintained for a specific
period (tracking a car at speed, or movement between stations
in an emergency situation, for example).

[0206] If the position of a station is determined, certain
services or applications could be provided in the region or in
atargeted fashion. For example, advertising, notices or infor-
mation could be provided in the area of the station or in certain
areas defined according to the location. So in such circum-
stances advertising banners could be utilized or users in the
neighborhood (all users, or selected categories of users, or
only certain selected users) could be provided with informa-
tion or video streams to assist in finding a missing child; or
stations and billboards that are in locations or en route to
where an escaped criminal was or will likely be in the future
could be fed information based on the movements of the
criminal in order to obtain information, evidence or assis-
tance. Specific police or other personnel at known locations
can be given very specific information on a relative or abso-
lute position basis.

[0207] An important feature that arises from the described
ODMA positioning processes is a “neighborhood watch”
mechanism that is enabled by virtue of the slow probing
process. Each “neighborhood” or group of neighbors gener-
ated by the stations accumulates and retains a substantial
collective and distributed knowledge. This knowledge can be
accessed and assessed if necessary to establish positions,
which is especially relevant in otherwise problematic circum-
stances.

[0208] Stations in the network of the invention maintain
certain signal related information in the course of the standard
communication process and algorithms and also additionally
maintain a record of the last known position of neighboring
stations. If a station is switched off or destroyed, or even if the
battery merely fails, the other stations will have access to
information in their memory in relation to the last known
position and the time since the position was determined.
[0209] Even if a position had not been determined, the
information on the signal strengths of the various neighbors
can be reevaluated from the neighbor tables in order to deter-
mine the position and direction that had been traveled to
enable certain conclusions to be drawn from the history
retained. In addition the stations maintaining the information
will also know the other stations that were detecting or close
neighbors of the missing station. This suggests the stations
that may be enquired from regarding position determination
and provides the capability for certain assumptions to be
made; for example two stations may have been recorded as
traveling side by side for a relatively long period and it is
consequently likely that the stations are still close together.
Two people may have been traveling in a vehicle together
when one station has run out of batteries. This is also similar
to a parent asking people in the immediate vicinity if they
have seen their lost child; or asking a known friend if the child
is with them; or asking someone’s last known traveling com-
panion where they were last seen and in what direction they
were traveling.

[0210] In an emergency situation the neighborhood will
still have an up to date knowledge of the last known position
and the closest geographically positioned neighbors. This
will obviously provide emergency personnel with an accurate
place to start looking for the station requiring assistance.
Furthermore, as the knowledge is distributed to many other
stations it is difficult to avoid the station user from being
located. Even if a kidnapper, for example, switched oftf or
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destroyed a victim’s station there will be many neighbors who
can pinpoint the station’s position immediately prior to this
and it may thus even be possible to determine who
approached the victim in the first place. This capability obvi-
ously has a myriad of applications, including the assessment
of car accidents, hit and run incidents, et cetera. To further
facilitate this process, updated position information could be
sent periodically by stations to Authentication Servers that
can be queried if necessary for nearest neighbors (and even
for information regarding stations with absolute position).

[0211] Furthermore, a reduced capability to communicate
could be obviated to some extent through the subsequent
steps taken by the failing unit and by the immediate neigh-
bors. For example, if a station’s antenna is damaged or if the
battery level is very low, the signal propagated by the station
could be sent only to very closest neighbors on an occasional
basis in order to remain in limited contact and reduce power
consumption. If a station was hidden from the network, the
dynamic nature of the mobile stations should increase the
chance of a close neighbor being developed through the slow
probing process or momentarily through the limited propa-
gation basis in order to locate the station opportunistically,
especially if other stations on the network were alerted to the
fact that a station was missing and was in need of location in
emergency circumstances.

[0212] In a standard wireless networking environment
these benefits are not readily achievable, especially at the
level of accuracy provided by the ODMA network system. A
base station would simply have to retain too much informa-
tion from so many stations to provide a workable solution
without congestion and delay. In the ODMA environment the
information is distributed only to immediate neighbors and is
continuously updated. In the event that the information is
needed, the stations can readily establish gradients to the
necessary stations through fast probing techniques. This pro-
cess is extremely quick, even in large networks.

[0213] Another application that arises by virtue of the
“neighborhood watch” capability is that unusual or unwanted
activities may be monitored by the network and if necessary
other stations can be alerted. For example, if a station is
moving at an unexpectedly high speed, or if a station is
located in a certain prohibited area or in close proximity with
another prohibited or undesirable specified station, certain
appropriate responses can be made. These responses could
include distributing knowledge quickly to neighbors or even
specific emergency stations, or to a central authority.

[0214] This monitoring capability in real time will high-
light unlikely, undesirable, or exceptional cases. The poten-
tial applications and responses are limitless and could include
vehicle tracking, inventory management applications, moni-
toring of children, monitoring of people under probation or
court injunction, or merely alerting network subscribers to the
fact that they are near certain facilities such as fuel stations,
police stations or restaurants, for example. Moreover in cata-
strophic situations, immediate responses could be taken auto-
matically—an aircraft in distress might transmit at high
power its position and also download details from its “black
box” data recorder in case this is destroyed should it crash.
The knowledge would be dumped to any randomly available
stations in order to download all the information before the
unit was destroyed. Mid-air collisions between aircraft could
also be avoided by alerting each aircraft of the danger, et
cetera.



US 2008/0280625 Al

[0215] In addition, it should be appreciated that in the con-
text of many potential applications the level of complexity of
the station units incorporated in the network may be very low.
For example, in monitoring the relative movement between
certain stations as described above, such as the distance
between a mother and child, or the position of a police officer
relative to his/her firearm and/or other officers, the function-
ality of these devices could be relatively unsophisticated.
These units could possibly utilize the mainstream ODMA
communication systems for positioning purposes, but not
necessarily. If necessary, these simplified stations could
merely probe and gather neighbors for their positioning infor-
mation (wWhether through propagation characteristics or tim-
ing probes or by other means) and establish distances and
other relevant data. Conventional ODMA stations could per-
haps recognize the simplified stations as helpful neighbors for
positioning applications, but could also disregard them as
potential relay stations for message transmission in the opera-
tion of a standard ODMA communication network.

[0216] In principle, a network could be formed only for
positioning and tracking purposes without the need for an
ODMA communication network as such, although the basic
ODMA neighbor gathering techniques as described would be
carried out. In this manner, the exemplified vehicle tracking,
inventory management or prisoner tracking solutions could
either operate as stand alone networks, or could also be tied to
other conventional network systems or other mobile network
products, with or without using the ODMA communication
network.

[0217] This form of positioning network would address
many of the VOIP positioning problems experienced by non-
ODMA communication network units. While it would be
preferable to have the ODMA relay communication process
to transmit the determined position data to some central con-
trol station, or to stations requesting the whereabouts of a
particular station, in principle this could be reported through
some other communication means.

1-46. (canceled)
47. A method of operating a network comprising a plurality
of stations each able to transmit and receive data so that the
network can transmit data between stations via at least one
selected intermediate station, the method comprising:
monitoring, at each station, the activity of other stations on
the network to establish the availability of neighbor sta-
tions having connectivity with the monitoring station;

transmitting probe signals from each station, other stations
which receive the probe signals from a probing station
responding directly, or indirectly via another station, to
the probing station to thereby indicate their availability
as neighbor stations able to receive or relay data;

transmitting position data and/or position determining data
in at least some of the probe signals and/or in responses
to probe signals, the position data including data indica-
tive of the absolute or relative position of a station trans-
mitting a probe signal or a response signal, and the
position determining data including data usable by a
station receiving a probe signal or a response signal to
determine the absolute or relative position of the station
and/or other stations;

maintaining, at stations which receive probe signals from

one or more probing stations and/or response signals
from one or more responding stations, position data
and/or position determining data received from selected
ones of the probing and/or responding stations; and
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at one or more of said stations maintaining said position
data and/or position determining data, utilizing the posi-
tion data and/or position determining data to determine
the absolute or relative position of said each station
and/or other stations, thereby enabling any station to
determine its own position or the position of another
station in the network either as an absolute position or
relative to other stations.

48. A method according to claim 47 wherein the position
data and/or position determining data in the probe signals
includes data indicating the absolute position or relative posi-
tion of nearby stations selected by the station transmitting the
probe signals.

49. A method according to claim 47 wherein the position
data and/or position determining data is used to determine the
relative or absolute position of other stations in direct com-
munication with said each station, and also other stations not
in direct communication with said each station.

50. A method according to claim 47 which is operated in a
communication network in which the stations can transmit a
message from an originating station to a destination station
via at least one opportunistically selected intermediate sta-
tion.

51. A method according to claim 47 which is operated in a
network provided primarily for purposes of tracking or locat-
ing stations in the network.

52. A method according to claim 47 including selecting, at
each station, a channel for the transmission of probe signals to
other stations, other stations which receive the probe signals
from a probing station responding directly, or indirectly via
other stations, on the selected channel.

53. A method according to claim 47 including transmitting
clock data in the probe signals, and utilizing the clock data to
determine the time taken for the probe signals to propagate
between stations and hence the distance between said sta-
tions.

54. A method according to claim 53 including synchroniz-
ing clocks at the stations of the network, with updated timing
data for this purpose being transmitted from a central timing
authority to the other stations.

55. A method according to claim 54 wherein the accep-
tance or rejection of said updated timing data at any station is
determined in response to a cumulative error function calcu-
lated in respect of the transmission of such data, relative to
other prior or simultaneous transmissions of such data
received at said station, thereby maintaining a high level of
accuracy in respect of the synchronization of clocks at each
station of the network.

56. A method according to claim 47 wherein the position
data comprises position information indicating the position of
one or more stations to a predetermined degree of accuracy.

57. A method according to claim 56 wherein the position
data comprises absolute position information obtained from a
station equipped with a station based positioning system, or a
station with a known fixed location.

58. A method according to claim 47 wherein the position
data comprises relative position information indicating the
position of one or more stations relative to other stations.

59. A method according to claim 58 wherein the relative
position information is obtained by stations determining the
approximate distance between themselves utilizing transmis-
sion power and/or path loss data in probe signals transmitted
between such stations.
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60. A method according to claim 58 wherein the relative
position information is obtained by stations determining the
distance between themselves utilizing timing data extracted
from probe signals transmitted between the stations.

61. A method according to claim 60 wherein the timing
data includes processing delay data inserted into reply probe
signals by stations responding to received probe signals, the
processing delay data indicating the time taken at a station
responding to a received probe signal to process the received
probe signal.

62. A method according to claim 58 including obtaining
position information indicating the position of one or more
stations by triangulation.

63. A method according to claim 57 comprising utilizing a
combination of absolute and relative position information to
determine the absolute position of further stations by deter-
mining their position relative to other stations that have pre-
viously determined their own absolute positions, so that such
further stations that are unable to communicate directly with
other stations that have absolute position information can
nevertheless determine their own absolute position indirectly.

64. A method according to claim 57 including providing a
number of seed stations, each of which is able to determine, or
is provided with absolute position data defining, its own abso-
Iute position with relatively high accuracy, other stations
transmitting probe signals to and receiving probe signals from
the seed stations thus obtaining absolute position information
from the seed stations to determine their own absolute posi-
tions, and further stations transmitting probe signals to and
receiving probe signals from said other stations thus obtain-
ing absolute position information from said other stations to
determine their own absolute positions.

65. A method according to claim 54 wherein each station
selects received probe signals from which to extract position
or timing data according to the extent to which such received
probe signals are determined to contain position or timing
data of a high quality in terms of distance measurement capa-
bility or clock synchronization.

66. A method according to claim 65 comprising analyzing
received probe signals to determine whether or not they are
transmitted during optimum peaks of opportunity.

67. A method according to claim 65 comprising measuring
path loss and/or multi-path distortion in such received probe
signals, and selecting probe signals having low path loss
and/or low multi-path distortion for extraction of position or
timing data therefrom.

68. A method according to claim 47 wherein stations
include data in their probe signals relating to the length of
time they have remained static, other stations receiving the
probe signals utilizing position data and/or position determin-
ing data preferentially from stations that have remained static
for the longest periods.

69. A method according to claim 47 wherein stations
include auxiliary data in their probe signals relating to one or
more of the following the number and/or quality of transmis-
sion hops between stations identified in the probe signals; age
data indicating the age of timing data or position data and/or
position determining data included in the probe signals; the
stated or determined level of accuracy of position information
relating to one or more stations identified in the probe signals;
and quality data indicating whether the probe signals have
been sent at peaks of opportunity, other stations receiving the
probe signals utilizing position data and/or position determin-
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ing data therein selectively depending on the nature of the
auxiliary data included in the received probe signals.

70. A method according to claim 47 wherein the probe
signals are transmitted on probe channels defined by a central
authority, thereby reducing interference and preventing jam-
ming or interception of the signals.

71. A method according to claim 47 wherein stations main-
tain historical position data of other stations for a predeter-
mined time after such other stations have lost connectivity
with one another, the historical position data being retrievable
to determine the last known position of a station with which
connectivity has been lost.

72. A method according to claim 47 wherein stations utilise
variations in data in probe signals or other characteristics of
the probe signals, arising out of relative movement between
stations, to resolve ambiguities in relative position data and/or
position determining data in the probe signals.

73. A method according to claim 47 wherein the nature or
quality of a service available from a station in the network is
adjusted according to the determined absolute or relative
position of said station and/or other nearby stations.

74. A method according to claim 73 including providing
information to a user of a station relating to facilities, objects
or persons, or other stations near to the determined position of
said station.

75. A method according to claim 47 wherein position infor-
mation relating to a station is determined by transmitting
gradient gathering probe signals between stations, directly or
via one or more intermediate stations.

76. A method according to claim 75 wherein the gradient
gathering probe signals are transmitted at an increased rate
selected to provide enhanced resolution of the position infor-
mation.

77. A method according to claim 76 wherein the gradient
gathering probe signals are transmitted at an increased rate
only while the position information is required.

78. A method according to claim 47 wherein a first station
requiring position Information relating to another station in
the network transmits a position request message addressed
to a central authority maintaining position data and/or posi-
tion determining data of stations in the network; to one or
more neighbors of the first, requesting station for onward
transmission to the other station; or directly to the other
station.

79. A method according to claim 78 wherein the station
whose position is required transmits a reply message to the
first station via the network with the required position infor-
mation.

80. A method according to claim 78 wherein the first sta-
tion transmits a gradient gathering probe signal addressed to
the other station via one or more intermediate stations, said
other station transmitting a response via one or more inter-
mediate stations to thereby create a gradient through the
intermediate stations, the gradient providing information
enabling a relative or absolute direction vector to be estab-
lished between the first station and said other station.

81. A network comprising a plurality of stations each able
to transmit and receive data so that the network can transmit
data between stations via at least one selected intermediate
station, wherein each station in the network comprises a
transmitter, a receiver and data processing means and is oper-
able to:
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monitor the activity of other stations on the network to
establish the availability of neighbor stations having
connectivity with the monitoring station;
transmit probe signals to other stations and receive probe
signals from other stations, so that other stations which
receive the probe signals from a probing station can
respond directly, or indirectly via another station, to the
probing station to thereby indicate their availability as
neighbor stations able to receive or relay data;
transmit position data and/or position determining data in
at least some of the probe signals and/or in responses to
probe signals, the position data including data indicative
of the absolute or relative position of a station transmit-
ting a probe signal or a response signal, and the position
determining data including data usable by a station
receiving a probe signal or a response signal to deter-
mine the absolute or relative position of the station and/
or other stations;
maintain, at stations which receive probe signals from one
or more probing stations and/or response signals from
one or more responding stations, position data and/or
position determining data received from selected ones of
the probing stations and/or responding stations; and

utilize the maintained position data and/or position deter-
mining data to determine the absolute or relative posi-
tion of said station and/or other stations, thereby
enabling any station to determine its own position or the
position of another station in the network either as an
absolute position or relative to other stations.

82. A network according to claim 81 wherein each station
is operable to determine the absolute or relative position of
other stations in direct communication with said station, and
also other stations not in direct communication with said
station.

83. A network according to claim 81 wherein each station
includes a clock and is arranged to transmit clock data in the
probe signals, and to utilize the clock data to determine the
time taken for the probe signals to propagate between stations
and hence the distance between said stations.

84. A network according to claim 83 including a central
timing authority for transmitting updated timing data to the
stations of the network, and wherein each station is arranged
to synchronize its clock with the clocks of other stations of the
network utilizing the updated timing data.
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85. A network according to claim 84 wherein each station
is arranged to accept or reject said updated timing data
according to a cumulative error function calculated in respect
of the transmission of such data, relative to other prior or
simultaneous transmissions of such data received at said sta-
tion, thereby maintaining a high level of accuracy in respect
of the synchronization of clocks at each station of the net-
work.

86. A network according to claim 81 wherein at least some
stations comprise a station based positioning system or are
programmed with position data corresponding to a known
fixed location.

87. A network according to claim 81 wherein each station
is adapted to determine the approximate distance between
itself and other stations utilizing transmission power and/or
path loss data in probe signals transmitted between the sta-
tions.

88. A network according to claim 87 wherein each station
is adapted to obtain position information indicating the posi-
tion of one or more other stations by triangulation.

89. A network according to claim 81 including a number of
seed stations each able to determine its own absolute position
with relatively high accuracy, so that other stations transmit-
ting probe signals to and receiving probe signals from the
seed stations can obtain absolute position information from
the seed stations to determine their own absolute positions,
and further stations transmitting probe signals to and receiv-
ing probe signals from said other stations can obtain absolute
position information from said other stations to determine
their own absolute positions.

90. A network according to claim 81 wherein the data
processing means of each station is operable to analyze
received probe signals to determine whether or not they are
transmitted during optimum peaks of opportunity.

91. A network according to claim 90 wherein the data
processing means is operable to analyze received probe sig-
nals by measuring path loss and/or multi-path distortion in
received probe signals, and to select probe signals having low
path loss and/or low multi-path distortion for extraction of
position or timing data therefrom.

92. A network according to claim 81 including a central
authority to define probe channels for the transmission of the
probe signals, to reduce interference and prevent jamming or
interception of the signals.
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