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(57) ABSTRACT

A method for locating a user in a wireless network 1s dis-
closed. A mobile computer seeking to determine 1ts location
within a building detects the signal strength of one or more
wireless base stations placed at known locations throughout
the building. The mobile computer uses this measured signal
strength to determine 1ts location via a signal-strength-to-
location table look-up. A table of known locations within the
building and the base station signal strength at those locations
1s searched to find the most similar stored signal strength to
the signal strength detected. The location corresponding to
the most similar stored signal strength 1s determined to be the
current location of the mobile computer. Alternatively, a num-
ber of signal strengths from the table can be used and the
corresponding locations can be spatially averaged to deter-
mine the location of the mobile computer. The table can be
derived empirically, by placing a mobile computer at the
known locations and detecting the signal strength of the wire-
less base stations at those locations, or the table can be derived
mathematically by taking into account a reference signal
strength, the distance between the reference point and the
known location, and the number of walls between the refer-
ence point and the known location. As an alternative, the base
stations can detect the signal strength of the mobile computer.
In such a case, the table would relate a known position of the
mobile computer to the signal strength of the mobile com-
puter at that location as detected by the one or more base
stations.
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USING A DERIVED TABLE OF SIGNAL
STRENGTH DATA TO LOCATE AND TRACK
A USER IN A WIRELESS NETWORK

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This application 1s a divisional of U.S. patent application
Ser. No. 09/513,155 entitled “USING A DERIVED TABLE
OF SIGNAL STRENGTH DATA TO LOCATE AND
TRACK A USER IN A WIRELESS NETWORK,” filed on
Feb. 25, 2000 now U.S. Pat. No. 6,839,560, which claims the
benefit of U.S. Provisional Application No. 60/121,612, filed
on Feb. 25, 1999, both of which are herein incorporated by
reference, in their entirety and without limitation, for all that
they teach and suggest.

TECHNICAL FIELD

This mnvention relates generally to determining the location
ol an object and tracking the object and, more particularly,
relates to locating and tracking a user of a wireless network.

BACKGROUND OF THE INVENTION

Advances 1n the Global Positioning System (GPS) have
provided non-military users an inexpensive and portable
location and tracking device. Currently the GPS system 1s
used to provide directions to drivers through an in-vehicle
system, provide location and tracking information for marine
navigation, and allow shipping companies to locate and track
individual shipments. However, the GPS system 1s severely
limited 1n an mndoor environment.

The GPS system relies on the timing of signals from GPS
satellites recetved by individual GPS units on the ground.
Thus, an unobstructed view to the satellites 1s necessary to
receive the signal. In an indoor environment, such an unob-
structed view 1s, 1n general, not possible to obtain. Further-
more, the principal objective 1n developing GPS was to offer
the United States military accurate estimates ol position,
velocity and time. Civil users of GPS were to be provided
only “reasonable” accuracy consistent with national security
concerns. As a result, satellite signals are purposefully
degraded under a government policy called Selective Avail-
ability and consequently the resolution provided by the sys-
tem 1s no more than 100 meter for civilian users. This coarse
resolution 1s nadequate for many applications and com-
pounds the problem of the ineffectiveness of GPS indoors.

Because of these limitations, other technologies have been
developed to locate and track users or objects 1 an 1n-build-
ing environment. One such system uses tags placed on the
items that are to be tracked. The tags can be either active or
passive. An active tag contains power circuitry, which can
communicate with base stations. A passive tag contains no
internal power, rather 1t 1s charged either inductively or elec-
tromagnetically as 1t passes within the range of a base station.
Using this derived power, the passive tag communicates with
the station. The base stations are physically linked together
through a wired or wireless network. Each tag transmits a
code uniquely 1dentitying itself Thus, the location of the tag 1s
determined to be 1n the vicinity of the base station with which
the tag last communicated.
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Such tag-based tracking and location systems, while being
useful 1n an mn-bwlding environment, require a significant
installation of specialized base stations. A tag-based system
can only determine the location of the tags as being “near” a
particular base station, consequently, to achieve a suificiently
high resolution a large number of base stations must be
installed. Obtrusive tags have to be placed on every 1tem that
1s to be tracked or located, and 1n the case of infra-red tags, the
system operates only when there 1s a “line-of-sight” between
the tag and a base station. For all these reasons location-

determination technology based on tags has had very limited
SUCCESS.

SUMMARY OF THE INVENTION

Therefore, the present invention 1s generally directed to a
system for locating and tracking a user 1n a building without
a specialized infrastructure and with the ability to track with-
out a line-of-sight between the user and a base station.

The present invention 1s also generally directed to a system
for locating and tracking a user 1n a building using the existing
Radio-Frequency (RF) Wireless Local Area Network
(WLAN) infrastructure.

A Wireless Local Area Network (WLAN) consists of base
stations connected to a wired network, and mobile devices
which are “connected” to the WLAN through wireless com-
munication with the base stations. The present invention uses
the signal sensing ability of both the base station and the
mobile device to determine the location of the mobile device,
and thus the location of the user of the mobile device. The
strength of the received signal from several base stations 1s
measured by the mobile device. The mobile device then com-
pares the signal strength from each of the base stations to a
pre-computed table containing the base stations’ signal
strength at various known locations of the mobile device.
From this comparison, the mobile device determines its loca-
tion. Alternatively, the signal strength from the mobile device
can be measured at a number of base stations. This signal
strength 1s then compared by a central computer to a pre-
computed table containing the mobile computer’s signal
strength at the base stations for various known locations of the
mobile computer. From this table, the central computer deter-
mines the location of the mobile computer.

Additional features and advantages of the invention will be
made apparent from the following detailed description of
illustrative embodiments which proceeds with reference to
the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

While the appended claims set forth the features of the
present mvention with particularity, the invention, together
with 1ts objects and advantages, may be best understood from
the following detailed description taken 1n conjunction with
the accompanying drawings of which:

FIG. 1 1s a block diagram generally 1llustrating an exem-
plary computer system on which the present invention
resides;

FIG. 2 1s a diagram generally illustrating a wireless net-
work according to the present invention;

FIG. 3 1s a diagram generally illustrating a wireless net-
work on one floor of an office building;

FIG. 4 1s a diagram generally 1llustrating the locations of
empirical determinations of signal strength according to the
present invention;

FIG. 5 1s a diagram generally illustrating the operation of a
line-clipping algorithm; and
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FIG. 6 1s a flow chart generally illustrating the operation of
a mathematical derivation of a signal strength table according
to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Turning to the drawings, wherein like reference numerals
refer to like elements, the mvention 1s 1llustrated as being
implemented 1n a suitable computing environment. Although
not required, the invention will be described in the general
context of computer-executable instructions, such as program
modules, being executed by a personal computer. Generally,
program modules include routines, programs, objects, com-
ponents, data structures, etc. that perform particular tasks or
implement particular abstract data types. Moreover, those
skilled 1n the art will appreciate that the invention may be
practiced with other computer system configurations, includ-
ing hand-held devices, multi-processor systems, micropro-
cessor based or programmable consumer electronics, net-
work PCs, minicomputers, mainframe computers, and the
like. The 1invention may also be practiced 1n distributed com-
puting environments where tasks are performed by remote
processing devices that are linked through a communications
network. In a distributed computing environment, program
modules may be located 1n both local and remote memory
storage devices.

With reference to FIG. 1, an exemplary system for imple-
menting the imvention includes a general purpose computing
device 1n the form of a conventional mobile personal com-
puter 20, including a processing unit 21, a system memory 22,
and a system bus 23 that couples various system components
including the system memory to the processing unit 21. The
system bus 23 may be any of several types of bus structures
including a memory bus or memory controller, a peripheral
bus, and a local bus using any of a variety of bus architectures.
The system memory includes read only memory (ROM) 24
and random access memory (RAM) 25. A basic input/output
system (BIOS) 26, containing the basic routines that help to
transier information between elements within the mobile per-
sonal computer 20, such as during start-up, 1s stored in ROM
24. The mobile personal computer 20 further includes a hard
disk drive 27 for reading from and writing to a hard disk 60,
a magnetic disk drive 28 for reading from or writing to a
removable magnetic disk 29, and an optical disk drive 30 for
reading from or writing to a removable optical disk 31 such as
a CD ROM or other optical media.

The hard disk drive 27, magnetic disk drive 28, and optical
disk drive 30 are connected to the system bus 23 by a hard disk
drive interface 32, a magnetic disk drive interface 33, and an
optical disk drive interface 34, respectively. The drives and
their associated computer-readable media provide nonvola-
tile storage of computer readable instructions, data structures,
program modules and other data for the mobile personal
computer 20. Although the exemplary environment described
herein employs a hard disk 60, a removable magnetic disk 29,
and a removable optical disk 31, 1t will be appreciated by
those skilled 1n the art that other types of computer readable
media which can store data that 1s accessible by a computer,
such as magnetic cassettes, tlash memory cards, digital video
disks, Bernoulli cartridges, random access memories, read
only memories, and the like may also be used 1n the exem-
plary operating environment.

A number of program modules may be stored on the hard
disk 60, magnetic disk 29, optical disk 31, ROM 24 or RAM
25, including an operating system 35, one or more application
programs 36, other program modules 37, and program data
38. A user may enter commands and information into the
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mobile personal computer 20 through input devices such as a
keyboard 40 and a pointing device 42. Other 1input devices
(not shown) may include a microphone, joystick, game pad,
satellite dish, scanner, or the like. These and other input
devices are often connected to the processing unit 21 through
a serial port interface 46 that 1s coupled to the system bus, but
may be connected by other interfaces, such as a parallel port,
game port or a universal serial bus (USB). A momtor 47 or
other type of display device 1s also connected to the system
bus 23 via an interface, such as a video adapter 48. In addition
to the monitor, personal computers typically include other
peripheral output devices, not shown, such as speakers and
printers.

The mobile personal computer 20 may operate 1n a net-
worked environment using logical connections to one or more
remote computers, such as aremote computer 49. The remote
computer 49 may be another personal computer, a server, a
router, a network PC, a peer device or other common network
node, and typically includes many or all of the elements
described above relative to the mobile personal computer 20,
although only a memory storage device 50 has been 1llus-
trated 1n FIG. 1. The logical connections depicted 1in FIG. 1
include a Wireless Local Area Network (WLAN) 51 and a
wide area network (WAN) 52. Such networking environ-
ments are commonplace 1n offices, enterprise-wide computer
networks, intranets and the Internet.

When used mm a WLAN networking environment, the
mobile personal computer 20 1s connected to the local net-
work 51 through a wireless network interface or adapter 53.
The wireless interface 53 transmits wireless packets to a base
station 61. The base station 61 can then retransmit the pack-
ets, either through a wired or wireless network to the remote
computer 49. When used 1n a WAN networking environment,
the personal computer 20 typically includes a modem 34 or
other means for establishing communications over the WAN
52. The modem 54, which may be internal or external, 1s
connected to the system bus 23 via the serial port interface 46.
In a networked environment, program modules depicted rela-
tive to the mobile personal computer 20, or portions thereof,
may be stored in the remote memory storage device. It will be
appreciated that the network connections shown are exem-
plary and other means of establishing a communications link
between the computers may be used.

In the description that follows, the invention will be
described with reference to acts and symbolic representations
of operations that are performed by one or more computers,
unless indicated otherwise. As such, 1t will be understood that
such acts and operations, which are at times referred to as
being computer-executed, include the manipulation by the
processing unit of the computer of electrical signals repre-
senting data in a structured form. This manipulation trans-
forms the data or maintains it at locations in the memory
system of the computer, which reconfigures or otherwise
alters the operation of the computer in a manner well under-
stood by those skilled 1in the art. The data structures where
data 1s maintained are physical locations of the memory that
have particular properties defined by the format of the data.
However, while the invention 1s being described 1n the fore-
going context, 1t 1s not meant to be limiting as those of skill in
the art will appreciate that various of the acts and operation
described hereinafter may also be implemented 1n hardware.

In accordance with the invention, an exemplary WLAN 1s
shown in FIG. 2. The base stations 72, 74, and 76 are the same
as base station 61 in FIG. 1, however, for clarity, each base
station has been separately numbered so that each can be
referred to individually. Similarly, mobile personal comput-
ers 78, 80, and 82 are all of the same type as mobile personal
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computer 20 described above. With reference to FIG. 2, the
mobile computer 78 can communicate, via wireless commu-
nication, with either base station 72 or base station 74 as
shown. In aknown manner, the mobile computer 78 can select
the base station which provides the highest signal strength,
measured by the signal-to-noise ratio (SNR). The base sta-
tions 72, 74, and 76 can be connected by connection 70,
which can be either a wired or wireless network. Therefore, to
link two computers together, the WLAN passes messages
through the base stations. For example, to communicate with
mobile computer 80, mobile computer 78 can contact either
base station 72 or base station 74. These base stations will
then relay the message, through connection 70, to base station
76, which 1s the base station with which mobile computer 80
may currently be communicating. Base station 76 will then
transmit the message to mobile computer 80, completing the
wireless connection between mobile computers 78 and 80.
Because the mobile computers 78, 80, and 82 can be trans-
ported, the WLAN defines a mechanism by which commu-
nication between the mobile computers and the WLAN 1s
transferred from one base station to another. The mobile
computers 78, 80, and 82 monitor the signal strength of the
base stations 72, 74, and 76. In some embodiments the mobile
computers continuously monitor the signal strength, and 1n
others, the mobile computers only monitor the signal strength
when the SNR of the base station with which the mobile
computer 1s currently communicating falls below an accept-
able level. Similarly, to detect and connect to mobile comput-
ers as they are transierred between base stations, the base
stations 72, 74, and 76 monitor the signal strength from the
mobile computers 78, 80, and 82. A more detailed description

of how the mobile computers are passed between base sta-
tions can be found 1n U.S. Pat. No. 5,717,688 entitled WIRE-

LESS LOCAL AREANETWORK WITH ROAMING INDI-
CATING MULTIPLE COMMUNICATION RANGES by
Belanger et al., the teachings of which are incorporated herein
by reference 1n their entirety.

The present mmvention uses this monitoring of signal
strength by both the base stations and the mobile computers,
to locate and track a mobile computer and its user. An exem-
plary building layout 1s shown in FIG. 3. The building
includes hallway 90; offices 92,93, 94, 95, 96,97, and 98; and
conference rooms 100 and 102. Base stations 72, 74, and 76
have been placed at various locations 1n the building. The
mobile personal computers 78, 80, and 82 are also in the
building, although they can move freely throughout the build-
ing.

The mobile personal computer 78 can monitor the strength
of the signal from base stations 72, 74, and 76. As 1s known by
those of skill in the art, the signals of a WLAN are attenuated
as they propagate and as they pass through walls. Therefore,
as monitored by mobile computer 78, the signal from base
station 72 1s stronger than the signals from base stations 74
and 76. This 1s because the signals from base stations 72 and
74 must travel a greater distance and must pass through more
walls.

The signal strength from base stations 72, 74, and 76 will
vary as the mobile computer 78 1s moved around the building.
For example, 11 the user of mobile computer 78 moved the
computer into conference room 100, the signal strength of
base station 74 as detected by mobile computer 78 would
increase, as the distance between base station and mobile
computer decreased, and as there would no longer be any
walls between them. Similarly, the signal from base station
76, as detected by mobile computer 78, would increase 1n
strength due to the decreased distance and decreased number
of intervening walls. However, the signal from base stations
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6

72 would decrease, since mobile computer 78 would move
turther away. Therefore, 1t 1s possible to create a table listing
known locations 1n the building, and the corresponding signal
strengths from each of the base stations as recerved at those
locations.

Turming to F1G. 4, a method for creating the location versus
signal strength table 1s shown. In FIG. 4, diamonds with
letters 1n them indicate locations where empirical measure-
ments of the signal strength of the base stations 72, 74, and 76
have been taken. These measurements can then be compiled
into a table, such as Table 1, shown below. Thus, location B
has a higher SNR for base station 72 than location A because,
while both are approximately equidistant from base station
72, location A 1s separated from the base station by the wall of
olfice 92. The observation that distance and intervening walls
decrease the signal strength, and thus decrease the SNR, 1s
true for the rest of the entries 1n the table as well.

TABLE 1
SNR from SNR from SNR from
Location Base 72 Base 74 Base 76
A 40 dB 20 dB 20 dB
B 45 aB 30 dB 30 dB
C 35dB 25 dB 25 dB
D 30 dB 30 dB 30 dB
E 40 aB 35dB 35 dB
F 25 dB 40 dB 30 dB
G 25 dB 45 dB 35 dB
H 20 dB 40 dB 40 dB
I 25 dB 35dB 40 dB
J 30 dB 30 dB 35dB
K 35 dB 25 dB 30 dB
L 40 dB 20 dB 40 dB
M 25 dB 30 dB 45 dB

The strength of the radio frequency signals measured by
the base station 76 or the mobile computer 20 can vary as a
function of the orientation of the mobile computer 20 when
performing the measurements. More particularly, the orien-
tation of the computer 1s related to the position of the user, and
it 1s the user’s body that can create a significant difference 1n
the detected signal strength. It 1s therefore necessary that the
table used in determining the location of the mobile computer
take this effect into account and be able to determine the
location regardless of the orientation of the user with respect
to the mobile computer. One method for taking this effect into
account 1s to consider multiple orientations of the user’s body
to minimize the effects of signal attenuation due to the user’s
body.

The present invention also contemplates multiple measure-
ments at each location to remove the effect of the random
variables, such as air currents and radio interference, that can
affect signal quality. Because these events are often short
lived, multiple samples taken at one location over a period of
time will yield different results. To remove the effect of the
random variables, the calculated signal strength values over a
period of time are averaged. This average value 1s then used 1in
a table, such as Table 1 above. In such a manner the accuracy
of the table, and thus the location determination, 1s enhanced.

Once a table relating signal strength to the position of the
mobile computer 20, such as Table 1, 1s created, the mobile
computer 20 can determine its location by finding the row of
the table which most closely corresponds to the signal
strengths detected by the mobile computer. For example,
mobile computer 78 might detect a SNR of 38 dB from base
station 72, 23 dB from base station 74, and 24 dB from base
station 76. By comparing these values to Table 1, the mobile
computer 78 determines that it 1s located at physical position
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C. This determination can be done 1n signal space. The signal
space 15 an multi-dimensional space where the number of
dimensions 1s equivalent to the number of base stations’ sig-
nals which the mobile computer uses to determine its loca-
tion. In Table 1 above, three base stations’ signal strengths are
determined at each physical location, so the signal space 1s a
three-dimensional space. As will be known by those skilled in
the art, unlike physical space, the signal space 1s not limited to
three dimensions.

Each set of three measured signal strengths from the three
base stations can define a point 1n the signal space. In one
realization of this invention, the Euclidean distance between
the point defined by the measured signal strengths and the
points defined by the empirically dertved signal strengths in
Table 1 can be calculated. As 1s known by those of skill in the
art, the Euclidean distance 1s the square root of the sum, over
all the dimensions, of the difference between two points 1n
cach dimension, squared. In mathematical terms, the Fuclid-
ean distance, d, 1s defined as:

d= \/i (a; —by)*,
=1

where a, 1s the value for the 1th coordinate of point a and b, 1s
the value of the 1th coordinate of point b, and n 1s a variable
equivalent to the number of dimensions in the signal space.
The physical location of the mobile computer 20 1s deter-
mined to be the same as the location whose corresponding
empirically derived signal strengths 1n the table are the closest
(as defined above) to the measured signal strengths. Thus, for
the measured signal strengths of 68 dB, 53 dB, and 34 dB
given as an example above, the location of mobile computer
78 would be determined to be location C. This 1s because the
Euclidean distance in signal space between (38,23,24), which
are the measured values, and (35,25,25), the stored values at
point C, which were determined empirically during system
set-up, 1s less than the Euclidean distance between (38,23,24)
and any other point 1n the table. The mobile computer 20
therefore concludes that it 1s located at location C. The loca-
tion of a mobile computer 20 can thus be determined through
sensing the signal strength from each of a number of base
stations. As 1s known by those skilled 1n the art, the Euclidean
distance 1s just one possible distance metric. Other distance
metrics such as sum of absolute value differences, or
weilghted Euclidean are also possible.

Rather than merely comparing the detected values to a
single row of the table, the present invention also contem-
plates finding several rows of the table, each of which con-
tains values similar to those observed. Such a multiple nearest
neighbor approach, spatially averages multiple locations at
which the empirically determined signal strengths from the
base stations are similar to those measured by a mobile com-
puter seeking to determine its location. As will be known by
those of skill 1n the art, spatial averaging involves averaging
the individual coordinate values of the locations. Therefore, 1t
1s necessary to define a consistent coordinate system, such as
using a corner of the building as the origin (0,0). Returming to
the example above, the values detected by mobile computer
78, namely 38 dB, 23 dB, and 24 dB, respectively are similar
to the entries for a number of rows in addition to row C
selected above. Using the multiple nearest neighbor
approach, we find rows A and B are also similar to the
detected values. These three “nearest neighbors™: A, B, and C,
are spatially averaged to determine the location of mobile
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computer 78. As will be apparent to one of skill in the art, the
multiple nearest neighbor approach can be implemented with
any number of “neighbors”.

A vanation of the multiple nearest neighbor approach
using weighting 1s also contemplated by the present inven-
tion. If one set of signal strength values are very similar to the
values detected by the mobile computer 20, 1t may be that the
position corresponding to those values 1s more accurate than
any other position at which an empirical measurement was
taken. That does not mean, however, that the multiple nearest
neighbor approach cannot improve the accuracy of that posi-
tion determination. However, because there exists a position
which appears to be near the actual position of the mobile
computer, only minor changes to that position should be
caused as a result of the multiple nearest neighbor approach.
In such a case, a weighted multiple nearest neighbor approach
may be appropriate. A weighted multiple nearest neighbor
approach multiplies the coordinates of each “neighbor™ loca-
tion by a weighting factor prior to averaging them. If a posi-
tion appears to be a particularly good match, then the coor-
dinates of that position would by multiplied by a larger
weilghting factor than the other positions. In such a manner,
the weighted multiple nearest neighbor approach would
cause less deviation from the percerved best position, yet
would provide a minor position adjustment which could
result in even greater accuracy.

The present invention also contemplates locating a mobile
device by measuring the signal strength from the mobile
device as recetved by several base stations. As will be evident
to those skilled 1n the art, such a method 1s the 1nverse of the
method described above. Returning to FIG. 2, a computer 84
can also be connected to the base stations 72, 74, and 76,
through the network 70. Computer 84 can monitor the signal
strength from a particular mobile computer 20 as received by
the base stations near that mobile computer. Because 1t 1s
connected to all of the base stations, the computer 84 can also
generate the table which relates the position of the mobile
computer 20 to the strength of the signal from the mobile
computer as received by each of the base stations. Returning
to FI1G. 4, as explained above, empirical data can be gathered
by sampling the signal strength from the mobile computer, as
it 1s moved throughout the building. In this case, however, the
table generated by computer 84 as a result of the sampling
will contain the signal strength of the signal from the mobile
computer as detected at each base station, instead of the signal
strength of the signal from each base station as detected at the
mobile computer. The computer 84 can collect the signal
strength 1information as recerved by each base station and
create a table such as Table 2 below.

TABLE 2
Location of SNR at SNR at SNR at
User Base 72 Base 74 Base 76
A 30dB 10 dB 10dB
B 35dB 20 dB 20aB
C 25dB 15dB 15dB
D 20dB 20 dB 20aB
E 30dB 25dB 25dB
I 15dB 30 dB 20aB
G 15dB 35dB 25dB
H 10dB 30 dB 30dB
I 15dB 25dB 30dB
J 20dB 20 dB 25dB
K 25dB 15dB 20dB
L 30dB 10 dB 30dB
M 15dB 20 dB 35aB
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As can be seen from a comparison of Table 1 above and
Table 2 above, the tables are similar with respect to the rela-
tionship between the signal strengths 1n any one row. Even
though the signal strength measured at the mobile computer
20 and the base station 76 are similar 1n value, there 1s no
requirement that they be so. The two signals travel the same
path and encounter the same obstacles which degrade the
signal. The only difference can be the power of the transmit-
ting devices themselves: the base station, since 1t does not
need to conserve power, may be transmitting at a higher
power than the wireless network interface 33 on the mobile
computer 20. For example, the Federal Communications
Commission (FCC) allows wireless networks to use up to 1
Watt of transmitting power, which can be easily met by the
base station. The wireless network interface 53, however,
typically transmits 1n the 50-100 mW range so as to conserve
the battery power of the mobile computer 20.

Therefore, as can be seen by comparing Table 1 and Table
2, the signals receirved by the base stations in Table 2 are
weaker than those received by the mobile computer from the
base stations 1n Table 1. However, because the signals 1n both
directions are equally affected by distance and obstacles, the
relationship between the signals 1n a row remains the same.
For example, at location A 1n Table 1 the signal from base
station 72 1s stronger than the signals from base stations 74
and 76 because of the distance and the obstacles between
location A and base stations 74 and 76. This 1s the same reason
that 1n Table 2, at location A, the signal from the mobile
computer at location A 1s stronger when detected by base
station 72 than when detected by base stations 74 and 76.
Because the mobile computer does not transmit 1ts signals
with as much power, the SNR 1s lower 1n Table 2 than 1n Table
1.

As described above, multiple measurements taken at sev-
eral different orientations of the mobile computer 20 can be
used to eliminate the effect of the user’s body on the signal
strength when creating a table such as Table 2. Additionally,
as described above, taking multiple measurements at each
location can 1improve the accuracy of the values in the table, as
it mimimizes the effects of random interference and noise.

The multiple nearest neighbor method described 1n detail
above can also be used with the data 1n Table 2. For example,
the computer 84 can determine that the strength of the signal
from mobile computer 78, as shown 1 FIG. 4, 1s 28 dB as
detected by base station 72, 13 dB as detected by base station
74, and 14 dB as detected by base station 76. Comparing these
values to Table 3, we find locations A, B, and C as the nearest
“neighbors” to the values obtained. The nearest neighbors are
then spatially averaged to calculate the location of mobile
computer 78. As above, the use of the multiple nearest neigh-
bor method requires the use of a consistent coordinate system.
Also, a weighted multiple nearest neighbor approach, as
described above, can be used with a table such as Table 3.

An alternative method to empirically dertving Tables 1 or 2
above, contemplated by the present invention, requires math-
ematically estimating the attenuation in the signal as due to
the distance between the transmitter and the receiver, and the
intervening walls. As 1s known by those skilled 1n the art, the
transmissions 1n a wireless network conform to general radio
propagation theories. Most notably the signal strength of the
transmissions becomes weaker as the distance from the trans-
mitting source increases, and the signal strength of the trans-
missions decreases when the signals must pass through walls.
Research into the field of electromagnetic waves has yielded
a number of useful mathematical formulas. For example, 1t 1s
known that signal strength decreases with distance. It 1s also
known that walls attenuate signals by a determinable factor,
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known as the Wall Attenuation Factor (WAF). The WAF 1s
dependent on the thickness of the wall, and the materials used
in the construction of the wall. The WAF can be determined
empirically by placing a recerver on one side of a wall and a
transmitter on the other, and detecting the attenuation of the
signal through the wall. One method for determiming a WAF

can be found 1in the article entitled “914 MHz Path Loss
Prediction Models for Indoor Wireless Communications in
Multifloored Buildings™ by Scott Y. Seidel and Theorodre S.
Rappaport, which appeared in IEEE Transactions On Anten-
nas and Propagation, Volume 40, Number 2, February 1992,
the teachings of which are hereby incorporated by reference.
The signal strength at a particular location can, therefore,
be defined as the signal strength as attenuated by distance and
walls that the signal had to pass through. In mathematical
terms, the formula can be expressed as follows: the signal
strength, or power P, at a given distance d 1s calculated as

nW(WAF) nW <(C

d
P(d) = P(do) - 10111*3%(%] + { C(WAF) W= C.

The first term 15 the signal strength at a reference distance d,.
The reference distance can be chosen to be a convenient
distance and the signal strength at that distance can be deter-
mined empirically. If the reference distance 1s chosen to be
one meter from the emitter itself, then the signal strength may
be available from the specifications of the device, eliminating
the need for empirical determination. The second term in the
equation provides the attenuation 1n the signal strength due to
the distance between the point at which the signal strength 1s
sought to be calculated, and the reference point at which the
signal strength 1s known. The varniable n 1s the path loss
component which indicates the rate at which the signal
strength decreases with distance. The second term 1s sub-
tracted from the first term, and thus, reduces the reference
signal strength 11 the desired point 1s further from the trans-
mitter than the reference point. The third term in the equation
quantifies the attenuation due to the number of walls the
signal must pass through. The term nW represents the number
of walls and the WAF can be determined empirically, as
described above. Thus, the product of the two vields the
attenuation due to all of the walls. As explained above, the
WAF 1s a negative number, resulting 1n a reduction to the
calculated signal strength. After a certain number of walls,
however, the signal becomes so weak that further degradation
1s not mathematically significant. This practical limit 1s C
walls, where C can be selected by the user to satisty that user’s
accuracy requirements. After C number of walls, therefore,
the attenuation factor can simply be expressed as C multiplied
by the WAF.

The number of walls between a signal source and the
location for which the signal strength 1s to be calculated can
be determined by automated means. For example, in one
realization of this invention, the building 1s divided 1nto non-
overlapping but connected rectangular regions, as defined by
the walls 1nside the building. A straight line between the base
station 76 and the location of the mobile personal computer
80, indicating the path the signal would take when no walls
are present are considered. Cohen-Sutherland Line Clipping
Algorithm can then be used to determine the number of walls
between the source and recerver. Line clipping is the deletion
of a part of a line segment which lies outside a clip area. Once
the line clipping i1s performed, the remaining line segment lies
completely within a clip area. The algorithm divides the

region outside of the clipping area into areas with “outcodes™.
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Each digit of the binary outcode represents whether the par-
ticular region lies above, below, or to the left or right of a
clipping area. As 1s shown 1n FIG. 5, a four binary digit
outcode can be used. The first digit indicates whether the
region 1s above the clipping region 104. For example, regions
118,120, and 106 are all above region 104, as indicated by the
dashed lines, and those regions all have a binary 1 as the value
of the first digit. The second digit indicates whether the region
1s below the clipping region 104. Thus, regions 114, 112, and
110 all have a binary 1 as the value of the second digit since
they are below the clipping region 104. Regions 108 and 116
are adjacent to the clipping region and therefore both the first
and second binary digits are 0, since adjacent regions are
neither above nor below the clipping region. Similarly, the
third binary digit indicates whether the region 1s to the right of
the clipping region 104, and the fourth binary digit indicates
whether the region 1s to the leit of the clipping region. The
clipping region 104 1tself has an outcode of 0000 because, by
definition, 1t 1s nether above, nor below, and neither to the left
nor to the right of itself.

Once this subdivision occurs, all lines through the clipping
region, such as lines 122 and 124 shown in F1G. 5, are divided
by the boundaries of the regions described above, as shown at
points 126 and 128 for line 122, and points 130 and 132 for
line 124.

A key feature of the outcodes 1s that the binary digits which
have a value of 1 correspond to boundaries between the
regions, which are crossed. For example, line 122 has two
endpoints: one in region 0000 and another inregion 1001. The
significance of outcode 1001 1s that the line must intersect the
top and left boundaries because the first digit indicates 1t 1s
above the clipping region and the last digit indicates 1t 1s to the
left of the clipping region, as described above. Whenever a
point on the line changes its outcode value, by definition the
line has crossed a boundary. It 1s possible that this line inter-
sects a number of rectangular regions. For example, the oflice
layout from FIGS. 3 and 4 can be divided into regions with
outcodes as shown in FIG. 5. The Cohen-Sutherland Line
Clipping Algorithm 1s described further in Chapter 3.11 of
Computer Graphics Principles and Practice, Second Edition
by Foley et al., published 1n 1990, the teachings of which are
incorporated herein by reference.

Turning to FIG. 6, at step 140, the floor schematic 1s
entered 1nto a computer as an input to the Cohen-Sutherland
Line Clipping Algorithm. Simailarly, at step 142 the locations
of the base stations are entered, and at step 144 the locations
at which the signal strength 1s to be calculated are entered.
The Cohen-Sutherland Line Clipping Algorithm at step 146
will then determine, as described above, the number of walls
between each of the base stations and the locations at which
the signal strength i1s to be calculated. This number is then
used 1n the signal strength equation, given above, at step 148.

In addition to the number of walls, the WAF, empirically
derived as described above, 1s entered at step 150. At step 152,
the limiting factor C 1s selected by the user. The variable n, the
rate at which signal strength decreases with distance, 1s pro-
vided at step 154. The reference distance and the signal
strength at that reference distance, as described above, are
provided in steps 158 and 156 respectively. The signal
strength equation given above can then, at step 148, calculate
the signal strength at each of the locations entered in step 144.
The output of the signal strength equation 1s entered nto a
table, such as Table 1 or Table 2, above, at step 160.

The mathematical estimation can be used to derive both a
table containing the values of the signal strength from various
base stations as detected by a mobile computer 20 and the
values of the signal strength from a mobile computer 20 as
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detected by various base stations. As would be known by
those of skill in the art, the variables 1n the signal strength
equation would be different depending on which method was
used. For example, to calculate the signal strength from a base
station, as detected by a mobile computer at a particular
location, the reference distance should be set close to the base
station, or even at one meter from the base station, as
described above, and the term n would be the rate at which the
signal strength of the base station decreased with distance.
Conversely, to calculate the signal strength from a mobile
computer 20 at a particular location, as detected by a base
station, the reference distance should be set close to the
mobile computer, such as one meter away, and the term n
would be the rate at which the signal strength of the mobile
computer 20 decreased with distance.

The present mvention also contemplates providing for
environmental factors by environmentally profiling the sys-
tem. The base stations are all located at known locations, as
shown 1 FIGS. 3 and 4. One base station could send out a
signal to be received by the other base stations, 1n the same
way that the base stations would receive a signal from a
mobile computer. For example, with reference to FI1G. 3, base
station 72 could emait a signal to be detected by base stations
74 and 76. Using a table generated by the signal strength
equation given above, the computer 84 could receive the
signal of base station 72, as detected by base stations 74 and
76, and determine the location of base station 72. This would
be done 1n the same manner that computer 84 would deter-
mine the location of a mobile computer 20 from 1ts signal
strength as detected at the base stations, as described above.

The computer 84 can then compare the calculated location
to the known location of base station 72. If there 1s a differ-
ence between the two, the mnputs to the variables 1n the signal
strength equation, given above for estimating the signal
strength at a particular location, can be varied. For example,
the n value, or the WAF, could be changed, and a new table
recalculated. This new table would then be used by computer
84 to calculate again the position of base station 72. The
computer 84 could then again compare the new calculated
location of base station 72 to the known location and deter-
mine the difference. The above iteration can be performed
multiple times. The computer 84 could determine which val-
ues of the variables 1n the signal strength equation yielded the
most accurate results, and then use those values to generate
the table, which would, in turn, be used to calculate the
position of the mobile computers. The values of the variables
could also be passed to the mobile computer 20 along with a
map ol the building, so that it can generate a table within
itself, and determine 1ts location based on the strength of the
signal from various base stations, as described above. As
would be known by those of skill 1n the art, the variables 1n the
signal strength equation could be varied beforehand, gener-
ating numerous tables. The above method could then be used
to select the most accurate table of the group generated. In
either case, the environmentally profiled tables could result 1n
more accurate calculations. Because factors which affect sig-
nal strength, such as the number of people present, can vary,
the system can be programmed to profile and tune 1tself, as
described above, multiple times.

An alternative environmental profiling mechanism can be
implemented by empirically deriving more than once the
table relating the position of the mobile computer to the signal
strength. As described above, a table relating the position of
the mobile computer to the signal strength, such as Tables 1 or
3, can be derived empirically. Such empirical derivations can
be performed numerous times, under ditferent environmental
conditions, and at different times of the day. Environmental
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conditions can be impacted by the temperature, the number of
people 1in the building, the amount of human traffic in the
building, and whether 1t 1s day or night. Then, as above, the
base stations could test the system by attempting to use the
tables to determine the location of a given base station and
then comparing the calculated location to the true location.
The table that results in the greatest accuracy would then be
used. In this way, the system could avoid the complexity of
calculating the signal strength. As above, the system could be
programmed to environmentally profile itself periodically.

As can be seen from the foregoing detailed description, the
present mvention 1s directed to a system and a method for
determining the location of a mobile computer and its user
based on the strength of wireless signals from the WLAN to
which the computer 1s connected. The present invention can
also be implemented by a dedicated system providing base
stations and recerver/transmitters on the mobile computer.
Similarly, the present invention can operate on any wireless
mechanism, which does not require a line-oi-site between the
receiver and transmitter, such as radio frequency (RF) trans-
missions of varying wavelengths and ultra-sound transmis-
sions. The present invention i1s equally applicable to a wire-
less system that interconnects other mobile units, 1n addition
to mobile personal computer 20, such as cordless phones, CB
radios, two-way radios, or the like.

All of the references cited herein, including patents, patent
applications, and publications, are hereby incorporated by
reference in their entireties.

In view of the many possible embodiments to which the
principles of this mvention may be applied, 1t should be
recognized that the embodiment described herein with
respect to the drawing figures 1s meant to be 1llustrative only
and should not be taken as limiting the scope of invention. For
example, those of skill i the art will recognize that the
clements of the illustrated embodiment shown 1n software
may be implemented 1n hardware and vice versa or that the
illustrated embodiment can be modified 1n arrangement and
detail without departing from the spirit of the invention.
Therefore, the invention as described herein contemplates all
such embodiments as may come within the scope of the
following claims and equivalents thereof.

We claim:

1. A computer-implemented method for determining a
location of a mobile unit, comprising: measuring a wireless
signal strength of the signal received at a base station; com-
paring at a computing device the measured wireless signal
strength to a table of mathematically estimated wireless sig-
nal strengths and corresponding mobile unit locations; find-
ing a table entry [whose] stored in a memory, wherein the
table entry has the mathematically estimated wireless signal
strength [is] closest, by distance in signal space, to the mea-
sured wireless signal strength; and, determining the location
of the mobile unit with reference to the found table entry,
wherein the mathematically estimated signal strengths 1n the
table are determined without measurement of wireless signal
strength at the corresponding mobile unit locations.

2. The method of claim 1 wherein the determining the
location of the mobile unit with reference to the found table
entry includes determining the location of the mobile unit to
be proximate to the found table entry’s corresponding mobile
unit location.

3. The method of claim 1 wherein the measuring the wire-
less signal strength includes measuring, at the mobile unit, a
wireless signal strength of a base station, and wherein the
table of mathematically estimated wireless signal strengths
and corresponding mobile unit locations includes mathemati-
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cal estimates of base station wireless signal strengths at the
corresponding mobile unit locations.

4. The method of claim 1 wherein the measuring the wire-
less signal strength includes measuring, at [a] /e base station,
a wireless signal strength of the mobile unit, and wherein the
table of mathematically estimated wireless signal strengths
and corresponding mobile unmit locations includes, for mobile
units at the corresponding mobile unit locations, mathemati-
cal estimates of mobile unit wireless signal strengths at one or
more base stations.

5. The method of claim 1 wherein the finding the table entry
whose mathematically estimated wireless signal strength 1s
closest to the measured wireless signal strength includes find-
ing a plurality of table entries and wherein the determining the
location of the mobile unit with reference to the found table
entry includes determining the location of the mobile unit to
be proximate to a spatial average of the found plurality of
table entries’ corresponding mobile unit locations.

6. The method of claim 3 wherein the determining the
location o the mobile unit to be proximate to a spatial average
of the found plurality of table entries’ corresponding mobile
unit locations 1includes multiplying each found table entry’s
corresponding mobile unit location by a weighting factor
prior to the spatial averaging.

7. A computer-readable [medium] storage device having
computer-executable instructions for performing steps, coms-
prising: measuring a wireless signal strength; comparing the
measured wireless signal strength to a table of mathemati-
cally estimated wireless signal strengths and corresponding
mobile unit locations; finding a table entry whose mathemati-
cally estimated wireless signal strength 1s closest, by distance
in signal space, to the measured wireless signal strength; and,
determining the location of the mobile unit with reference to
the found table entry, wherein the mathematically estimated
signal strengths 1n the table are determined without measure-
ment of wireless signal strength at the corresponding mobile
unit locations.

8. The computer-readable [medium] storage device of
claim 7 wherein the determiming the location of the mobile
umt with reference to the found table entry includes deter-
mining the location of the mobile unit to be proximate to the
found table entry’s corresponding mobile unit location.

9. The computer-readable [medium] storage device of
claim 7 wherein the measuring the wireless signal strength
includes measuring, at the mobile unit, a wireless signal
strength of a base station, and wherein the table of mathemati-
cally estimated wireless signal strengths and corresponding
mobile unit locations includes mathematical estimates of
base station wireless signal strengths at the corresponding
mobile unit locations.

10. The computer-readable [medium] storage device of
claim 7 wherein the measuring the wireless signal strength
includes measuring, at a base station, a wireless signal
strength of the mobile unit, and wherein the table of math-
ematically estimated wireless signal strengths and corre-
sponding mobile unit locations includes, for mobile units at
the corresponding mobile unit locations, mathematical esti-
mates of mobile unit wireless signal strengths at one or more
base stations.

11. The computer-readable [medium] storage device of
claim 7 wherein the finding the table entry whose mathemati-
cally estimated wireless signal strength 1s closest to the mea-
sured wireless signal strength includes finding a plurality of
table entries and wherein the determining the location of the
mobile unit with reference to the found table entry includes
determining the location of the mobile unit to be proximate to
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a spatial average of the found plurality of table entries’ cor-
responding mobile unit locations.

12. The computer-readable [medium] storage device of
claim 11 wherein the determining the location of the mobile
unit to be proximate to a spatial average of the found plurality
of table entries’ corresponding mobile unit locations includes
multiplying each found table entry’s corresponding mobile
unit location by a weighting factor prior to the spatial aver-
aging.

13. A mobile unit comprising: a wireless interface hard-
ware, wherein the wireless interface hardware obtains a wire-
less signal strength; a memory storage, storing a table of
mathematically estimated wireless signal strengths and cor-
responding mobile unit locations; and a central processing,
unit, wherein the central processing unit compares the
obtained wireless signal strength to the table of mathemati-
cally estimated wireless signal strengths and corresponding
mobile unit locations, finds a table entry whose mathemati-
cally estimated wireless signal strength 1s closest, by distance
in signal space, to the obtained wireless signal strength, and
determines the location of the mobile umt with reference to
the found table entry, wherein the mathematically estimated
signal strengths 1n the table are determined without measure-
ment of wireless signal strength at the corresponding mobile
unit locations.

14. The mobile unit of claim 13 wherein the determining
the location of the mobile unit with reference to the found
table entry includes determining the location of the mobile
unit to be proximate to the found table entry’s corresponding
mobile unit location.

15. The mobile unit of claim 13 wherein the obtaining the
wireless signal strength includes measuring, at the mobile
unit, a wireless signal strength of a base station, and wherein
the table of mathematically estimated wireless signal
strengths and corresponding mobile unit locations includes
mathematical estimates ol base station wireless signal
strengths at the corresponding mobile unit locations.

16. The mobile unit of claim 13 wherein the obtaining the
wireless signal strength includes requesting, from a base sta-
tion, a wireless signal strength of the mobile unit as measured
at the base station, and wherein the table of mathematically
estimated wireless signal strengths and corresponding mobile
unit locations includes, for mobile units at the corresponding
mobile unit locations, mathematical estimates of mobile unit
wireless signal strengths at one or more base stations.

17. The mobile unit of claim 13 wherein the finding the
table entry whose mathematically estimated wireless signal
strength 1s closest to the obtained wireless signal strength
includes finding a plurality of table entries and wherein the
determining the location of the mobile unit with reference to
the found table entry includes determining the location of the
mobile unit to be proximate to a spatial average of the found
plurality of table entries’ corresponding mobile unit loca-
tions.

18. The mobile unit of claim 17 wherein the determining
the location of the mobile unit to be proximate to a spatial
average ol the found plurality of table entries’ corresponding
mobile unit locations includes multiplying each found table
entry’s corresponding mobile unit location by a weighting
factor prior to the spatial averaging.

19. A computer-readable storvage device having stored
thereon computer instructions that when executed carry out
the acts comprising:

populating a table comprising a plurality of values repre-

sentative of locations within a civcumscribed area and
corresponding signal strength values representative of
plurality of signal strengths received from a plurality of
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base stations wherein said table comprises at least one
location derivable by signal strength values that are
derived empirically without the need to measure signal
strength at the at least one location;

receiving over at least one local area network a plurality of
values representative of measuved signal stvengths from
at least two of said plurality of base stations;

correlating the plurality of values representative of mea-
sured signal strengths from said at least two base sta-
tions to said plurality of values representative of base
station signal strengths in said table to determine at
least one value rvepresentative of location within the
circumscribed area; and

estimating a location of a wireless device as a function of
said at least one value.

20. The computer-readable storage device of claim 19
wherein the instruction for estimating the location of said
wireless device comprises instructions for interpolating from
at least two locations found in said table.

21. The computer-readable storvage device of claim 19
wherein the instructions for estimating the location of said
wireless device comprises instructions for finding at least two
nearest neighbors in said table, wheve said nearvest neighbors
are locations having corvesponding signal strength values
that are most similar to the plurality of values representative
of signal strength veceived from said wireless device.

22. The computer-readable storvage device of claim 19
comprising instruction for populating said table by at least
one of empirically estimating and mathematically estimating
locations and corresponding signal strength values.

23. A system for locating a wireless device comprising:

means for populating a data structure comprising a plu-
rality of values vepresentative of locations within a cir-
cumscribed arvea and corvrvesponding signal strength val-
ues representative of plurality of signal strengths
received from a plurality of base stations wherein at
least one signal strength value is derived mathemati-
cally without the need for measuring signal strength at
the corresponding location;

means for veceiving over alocal area network a plurality of
values vepresentative of measured signal strengths from
at least two of said plurality of base stations;

means for correlating the plurality of values representative
of measured signal strengths from said at least two base
stations to said plurality of values representative of base
station signal strengths in said data structure to deter-
mine at least one value vepresentative of location within
the circumscribed area; and

means for estimating a location of a wireless device as a
function of said at least one value.

24. A system for locating a wireless device comprising:

at least one local area network;

a plurality of wireless base stations are physically linked
together and coupled to said at least one local area
network;

a computer system cOmprising a processor and memory in
communication with said plurality of wireless base sta-
tions by way of said at least one local area network;

a table stoved in said memory wherein said table comprises
a plurality of locations with corresponding signal
strength values whervein at least some of the signal
strengths ave mathematically devived without the need
for measuring wireless signal strengths at the corre-
sponding location,

compuiter instructions stoved in said memory,; said com-
puter instructions executable by said processor to
receive measured signal strength values from said wire-
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less device and to correlate the measure signal strength
values with signal strength values corresponding to at
least one location in said table; and

comptiter instructions stoved in said memory; said com-
puter instructions executable by said processor to deter-
mine a location of said mobile unit on a floor plan as a
Junction of the at least one location in said table.

25. A system for locating a wireless device comprising:

means for populating a data structuve comprising a plu-
rality of values vepresentative of locations within a cir-
cumscribed area and corvresponding signal strength val-
ues vepresentative of plurality of signal strengths
received from a plurality of base stations connected to at
least one local area network whevein at least one of the
signal strength values is mathematically devived without
the need for measuring wireless signal strengths at the
mathematically dervived locations;

means for rveceiving from a wireless device a plurality of
values representative of measured signal strengths from
at least two of said plurality of base stations;

means for correlating the plurality of values representative
of measured signal strengths from said at least two base
stations to said plurality of values representative of base
station signal strengths in said data structuve to deter-
mine at least one value vepresentative of location within
the circumscribed area; and

means for estimating a location of a wireless device as a
function of said at least one value.
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