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l urement points.



WO 2014/164135 A1 WK 00N 000 0 A

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, Published:
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))

—  with international search report (Art. 21(3))

GW, KM, ML, MR, NE, SN, TD, TG). —  before the expiration of the time limit for amending the
. claims and to be republished in the event of receipt of
Declarations under Rule 4.17: amendments (Rule 48.2(h))

— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))



WO 2014/164135 PCT/US2014/020773

METHOD AND APPARATUS FOR DETERMINING LOCATIONS
OF ACCESS POINTS

BACKGROUND
{86¢1] Fingerprinting may be known as a technique for methodically recording
ranging information about access points n order to determine the locations of the access
points (APs). Fingerprinting may involve recording a comprehensive aceount of the
ranging information of cach AP within a set radius at every location {e.g. every (x,y)
location} 1o a grid around the APs. However, as APs become more ubiquitous,
determining their locations may be more and more cumbersome using known
fingerprinting technigues. Thus, there may be a need to develop quicker and more

cfticicnt methods for reliably determining locations of APs.

SUMMARY
18002] These problems and others may be solved according to various embodiments,
Y g

described berein.

{8603] Insome cmbodiments, a method for determining locations of a plorality of
access poinds (APs) is presented. The method may include a) obtatning measurcments
from at least 3 measurement points using a mobile device, wherein the locations ofthe
at least 3 measorement points are unknown and are at different locations; b) computing
distance measurcments from the mobiic device to each of the plurality of APs, at cach
of the at least 3 measurement potnts, using the measuroments; ¢) computing a set of
mutual distance values n 8 matrix of mutual distances between each of the plurality of
APs, using the distance measurements; and d) determining the locations of the plorality
of APs using the computed matrix of mutual distances, relative to the at least 3

measurement points,

18004]  In some embodiments, the at least 3 measurement points include 3 reference
points whose lecations are unambiguously determined. The method may further include
¢) determining global locations of the plurality of APs using the computed matrix of

muteal distances and the 3 reference points,
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8805]  In some embodiments, the measurements from each of the at feast 3
measurements points inciude ranging information associated with cach of the plorality

of APs. In some cmbodimenis, the measurements include WiFi measurements.

{8606] Insome cmboediments, computing the distance measurements includes at feast
one of comaputing roundirp times from the mobile device to each of the APs, and
estimating the distance measurements based on signal strength to cach of the APs from

the mobile device.

186677  nsome embodiments, a measurement point of the at least 3 measurement
points having a strongest measurement among the measurements is determined to be an

actual location of onc of the plurality of APs.

[8808] In some embodiments, the method may further inclade repeating steps a)
through d} in an iferative process, wherein the measurements obtained in step a} are

based on the determined locations of the plurality of APs tu step d).

{8609] Insome cmbodiments, an apparatus for determining locations of a plurality of
access poinds (APs) is presented. The apparatus may include a receiver configared to
obtain measurements from at least 3 measurement points using a mobile device,
wherein the locations of the at least 3 measurement points are unknown and are at
different locations. The apparatus may also include 2 processor configured to: compute
distance measurcments from the mobtiie device to cach of the plurality of APs, at each
of the at least 3 measurement points, using the measurements; compute a8 set of nutual
distance values n a matrix of motual distances between cach of the plurality of APs,
using the distance measurements; and determine the locations of the plurality of APs
using the computed matrix of mutual distances, relative to the at least 3 measurement

potnis.

[9818] 1o some emboediments, an apparatus for determining locations of a plurality of
access points (APs) is presented. The apparatus may include means for obtaining

measurements from at least 3 measurement points, wherein the locations of the at least 3
measurement points are unknown and are at different focations. The apparatus may also

melade means for computing distance measurements from the apparatus to each of the

2
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phorality of APs, at each of the at least 3 measurement points, using the measurements;
means for ¢) compuiing a set of mutual distance values in a matrix of mutual distances
hetween cach of the plurality of APs, using the distance measurcruenis; and means for
d} determining the locations of the plurality of APs using the computed matrix of

muteal distances, relative to the at least 3 measurement points.

[8811]  In some embodiments, a non-transitory processor-readable mediom
comprising processor-readable mnstructions is presented. The non-transitory process-
readable medivm may be configured to cause a processor to: obtain measurcments from
at least 3 measurcment points, wherein the locations of the at least 3 measurement
points are unknown and are at different locations; b} compute distance measuremeonts
from a mobile device to cach of a plurality of APs, at cach of the at least 3 measurement
pourds, using the measurements; ¢} compue 2 sct of vutual distance values 1o a matrix
of munsal distances between cach of the plurality of APs, using the distance
measurements; and d) determine the locations of the plorality of APs using the

computed matrix of mnutoal distances, relative to the at least 3 measurcment points.
BRIEF DESCRIPTION OF THE DRAWINGS

18812] A further understanding of the nature and advantages of various embodimends
may be realived by reference to the following figures. In the appended figures, similar
components or features may have the same reference label. Further, various
components of the same type may be distinguished by following the reference label by a
dash and a sccond label that distinguishes among the similar components. If only the
first reference label is used in the specification, the description is applicable to any one
of the similar components having the same first reference label irrespective of the

second reference label.

{8813] FIG. 1 s an example wireless environment showing an access point (AP)

according to some embodiments.

[8814] FIG. 2 1s an example wireless commanications interface incloding a

fransmitter systom and a receiver system according to some embodiments.
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[B815] FIG. 3A 15 an example scenario employing methods of some embodiments in

an office building environment with multiple access poinis.

[8816] FIG. 3B is an example llustration of results employing methods according to

some embodiments.

{B017]  FIG. 415 an example mathematical process used in implementations according

to some embodiments.

[86618] FIGs. SA and 5B are exemplary flowcharts showing methods of some

embodiments.
[8819] FIG. 6 18 an example computer system according to some embodiments.

DETAHLED DESCRIPTION

(34

[8628] The word “exemplary” is used herein to mean “serving as an exanple,
instance, or illustration.” Any embodiment or design described herein as “exemplary” is
not necessarily to be construed as preferred or advantageous over other embodimenis or

designs.

{8821] As used herein, an “access point” may refer to any device capable of and/or
configured to route, connect, share, and/or otherwise provide a network connection to
one or more other devices. An access point may include one or more wired and/ox
wireless interfaces, such as one or more Ethernet interfaces and/or one or more IEEE
802.11 interfaces, respectively, via which such a connection may be provided. For
cxample, an access point, such as a wircless router, may nclude one or more Ethemet
ports to connect to a local modem or other network components (e.g., switches,
gateways, ete.) and/or {0 connect 1o one or more other devices to which network aceess
18 to be provided, as well as one or more antennas and/or wireless networking cards to
broadcast, transmit, and/or otherwise provide one or more wircless signals to facilitate
connectivity with one or more gther devices. Other examples of access points may

inchude a fendo cell or wireless beacon.

{8022] The technigues described herein may be used for various wircless

communication networks such as Code Drivision Multiple Access (CDMA)} networks,
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Time Division Multiple Access (TDMA) networks, Frequency Pivision Multiple
Access (FDMA} networks, Orthogonal FDMA {OFDMA) networks, Single-Carricr
FOMA (SC-FDMA) networks, etc. The terras “networks™ and “systems” are often used
mterchangeably. A CDMA network may implement a radio technology such as
Universal Terrestrial Radio Access (UTRA), CDMA2000, etc. UTRA includes
Widehand-CDMA (W-CDMA) and Low Chip Rate {LCR). CDMAZ000 covers I5-
2000, 15-95 and 15-856 standards. A TDMA network may implement a radio
technology such as Global System for Mobile Communications (GSM). An OFDMA
network may implement a radio technology such as Evolved UTRA {(E-UTRA), IEEE
802.11, {EEE 802.16, IEEE 802.20, Flash-OFDM®, ste. UTRA is part of Universal
Mobile Telecommunication System (UMTS). Long Term Evolution (LTE) uses E-
UTRA. UTRA, E-UTRA, GSM, UMTS and LTE are described in documents from
3GPP. COMAZOG0 is described in documents from an organization named “3rd
(Generation Partnership Project 27 (3GPP2). These various radio technologics and

standards are known in the art.

190231 Single carrier frequency division multiple access (SC-FDMA), which utilizes
single carrier modulation and frequency domain equalization s a techmique. SC-FDMA
may have similar performance and overall complexity as those of OFDMA system. SC-
FDMA signal may have lower peak-to-average power ratio {PAPR) because of its
mherent single carrier structure. SC-FDMA has drawn great attention, especially in the
uplink communications where lower PAPR greatly benefits the mobile terminal in torms
of transmit power efficiency. It is currently & working assumption for uplink muftiple

access scheme in 3GPP Long Term Evelution (LTE), or Evolved UTRAL

18624] Methods for identifying locations of WiFi access points (APs) by obtaining a
subsct of 2 foll WiFi measurement flngerprinting map and without needing to perform
the full WiFi fingerprinting campaign, are presented. The technigques presented herein
may more cfficiently determine the locations of APs used for indoor positioning and the
like by sampling just a fow WiFi measurements of relative distances/signal strengths

from the APs to a mobile device, for example.

o
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[8825] Indoor positioning may rely on knowledge of the locations of APs to make
appropriatc WiFi positioning models, and thus the locations of the APs must be known
accurately. Exaroples of APs may be wircless routers cmitting a8 WiF1i signal having
various strengths and being in various locations, e.g. m the corner of a room, ona
bookshelf, in a closet, eic. Obtaining locations of APs may be difficult because the
layouts showing the AP lecations may be unavailable, outdated, or otherwise inaccurate.
A traditional method for obtaining AP locations is to obtain WiFi measurements of
every sector of the floor containing the APs, as if the floor were divided into a matrix of
tiny sectors. Measurcments to the APs at cach sector could be obtained, and thereby the
sectors with the strongest signals amongst all the measurements could be deemed to
contain the APs. Such a technique 18 sometimes called fingerprinting. Traditional
techniques hike these are very cinmbersome, requiring a user to take measorements at
cach sector of the fioor. Additionally, traditional fingerprinting techniques require 2
priori knowledge of the location of the device taking the measurements. Such

calculations may consume more time and power.

18026]  In comirast, according to some embodiments, a surveyor may obtain just a few
measurements at just a fow locations on the floor n order 1o make a determination as to
the locations of all the APs on the floor. The locations of where the surveyor obtains
such measurements do not bave to be known in order for methods of various
embodiments to succeed. In some embodiments, implementations may utilize
principles of lincar algebra and operations research, where the mutual distances from
the surveyor (using a mobile device, for exampie) to the muliiple APs may be expressed
n 2 matrix {e.g. # X # matrix, where n is the mamber of APs on the floor). In 2 matrix
like this, which is an example of a symmetric square matrix, based on linear algebra, it
is determined that that 2 mintmum of only 3 {non-colinear) measgrement points, cach
measurement point containing 3 distance measurement to cach AP in question, may be
needed to obtain all of the mutual distance values in the matrix. In other words, by
obtaining just a few measurement points, e.g. at least 3 that are non-colinear, aspects of

various embodiments can determine the locations of all the APs on the floor.

6
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[8827] Referring to FIG. 1, an example meltiple-access access point utilized in some
embodiments is presented. Access point {AP) 100 includes multiple antennas, incloding
104, 106, and 108. More or fewer anteunas may be utilized in other embodiments.
Examples of APs may inchlude any wireless router, any device capable of employing a
WiFi network, a hotspot, femtocell, WLAN, and the like. Access terminal 116 (AT)
may be in cormmunication with AP 100 via anterma 104, where anterma 104 may
transmit signals to access terminal 116 over forward hnk 120 and may receive signals
from access terminal 116 over reverse link 118, Forward link 120 and reverse link 118
may be based on common wircless interfaces as defined i any of the IEEE 802.11
standards, though this is just one example. Other air interfaces known m the art may be
used, and embodiments are not so honuted. Access terminal 122 is in commumication
with AP 100 via antenma 108, where antenna 108 may transmit signals to access
terminal 122 over forward link 126 and may receive signals from access terminal 122
over reverse link 124, Exanple ATs may include mobile devices, mobile phones,
tablets, laptop computers, PDAs, and the like. In a Frequency Division Duplex (FDI)
system, conumunication links 118, 120, 124 and 126 may use different frequencies for
commounication. For example, forward link 120 may use a ditferent freguency then that
ased by reverse Hnk 118, In some embodiments, antennas 104, 106, and 108 may cach
be in commonication with both ATs 116 and 122, AT 116 may be in commaunication
with AP 100 in a first frequency, while AT 122 may be in communication with AP 100
in a second frequency, for example. In some emboduments, multiple anteonas, ¢.g.
antennas 104 and 106, may be in communication with just a single mobile device, ¢.g.
AT 116, Multiple antennas may be used to transmit the same type of data but arranged

in different sequences to improve diversity gain.

18828] Each group of antennas and/or the area in which they are designed to
communicate is often referred to as a sector of the access point. In some embodiments,
antenna groups cach are designed to conmmunicate to access terminals in a sector of the

areas covered by access point 100,

19029 FIG. 2 is 2 block diagram of an erobodiment of a transmitter system 210

{which may, for example, implement the access point 100) and a veceiver system 250
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(which may, for example, implement the mobile device 116 or 122) in a MIMO system
200, It should be noted however, that while an example MIMO system 20{ is described,
MIMQO is not used in some embodiments, as other systems may be used {e.g. SISO,
MISO, SIMO, etc.). At the transmitter system 210, traffic data for a nomber of data

streams is provided from a data source 212 to a transmit (TX) data processor 214,

{B8038] In some embodiments, each data stream is transmitted over a respective
transmit antenna. TX data processor 214 formats, codes, and interleaves the traffic data
for each data stream based on a particular coding scheme selecied for that data stream fo

provide coded data.

{8631] The coded data for cach data siream may be multipiexed with pilot data using
OFDM techniques. The pilot data is typically a known data paticrn that is processed in
a known manner and may be used at the receiver system to estimate the chamel
response. The mukiplexed pilot and coded data for each data stream is then modulated
(i.2., symboi mapped) based on a particufar modulation scheme {e.g., BPSK, QSPK, M-
PSK, or M-3AM] sclecied for that data stream to provide modulation symbols. The
data rate, coding, and modulation for each data stream may be determined by

imstructions performed by processor 230,

[8832] The modulation symbeols for all data streams are then provided to a TX MIMO
processor 220, which may further process the modulation symbols {(e.g., for OFDM).
TX MIMO processor 22{ then provides NT modulation symbol streams to NT
transmitters {TMTR) 222a through 2221, In certain embodiments, TX MIMO processor
220 applies beamforming weights to the symbols of the data streams and to the antenma

from which the symbol is being transmitted.

[8833] Each transmitter 222 receives and processes a respective symbol stream to
provide onc or more analog signals, and further conditions (e.g., amplifies, filters, and
upconverts) the analog signals to provide a modulated signal suitable for transmission
over the MIMO chamel. NT modulated signals from transmitters 222a through 222t

are then transmitted from NT antennas 224a through 2244, respectively.
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[8034] At receiver system 250, the transmitted modudated signals are received by NR
antennas 252a through 252y and the received signal from cach antenna 252 is provided
1o a respective recetver { RCVR) 254a through 254v. Each receiver 254 conditions {c.g.,
filters, amplifies, and downconverts) a respective received signal, digitizes the
conditioned signal to provide samples, and further processes the samples to provide a
corresponding “received” symbol stream. In some embodiments, media recorder 282
may also be included to receive various forms of digital media, including images,
sowmds, or text. This media may be processed through RX data processor 260 and

processor 270, and ultimately stored in memory 272.

180358] An RX data processor 260 then receives and processes the NR received
symbol streams from NR receivers 254 based on a particular receiver processing
technique to provide NT “detected” symbol streams. The RX data processor 260 then
demodulates, deinterleaves, and decodes cach detected symbol stream to recover the
traffic data for the data stream. The processing by RX data processor 260 1s
complementary to that performed by TX MIMO processor 220 and TX data processor

214 at transmiiter system 210,

18636] A processor 270 periodically may determine which pre-coding mairix to use.
Processor 270 may formulate a reverse link message comprising a matrix jndex portion

and a rank value portion,

{8837] The reverse Hnk message may comprise various types of information
regarding the communication hink and/or the received data stream. The reverse link
message is then processed by a TX data processor 238, which also receives traffic data
for a number of data streams from a data source 236, modulated by a modulator 280,
conditioned by transoutiers 254a through 254y, and transmitted back to fransroitter
system 21}, Two or more receiver, transmitter, and anterma groups may be configured
to access separate networks, for example 8 WLAN network and an LTE, WODMA, or
cdma?000 HPRD network, In some embodiments, a single receiver, transmitter, and
antenna group may be configured to access at least two separate networks. Suutlarly, a

plurality of processors may be included to process comnmnications and/or data for a
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phorality of networks. Further, a single processor may be configured to process

communications and/or data for a plurality of networks.

[8838] At transmitter system 210, the modulated signals from receiver system 250 are
received by antonnas 224, conditioned by receivers 222, demodulated by a demodulator
240, and processed by a RX data processor 242 to extract the reserve link message
transmitted by the receiver system 250, Processor 230 then determines which pre-
coding matrix to use for determining the beamforming weights then processes the

extracted message. In some embodiments, beamforming is not used.

1883%] Reforring to FIG. 3A, exemplary office environment 300 provides an example
implementation according to some embodiments. Here, office floor plan schematic 300
shows various rooms and haliways of one floor of an office building. The numbers on
the horizontal and vertical axes may illustrate example distances measured in, for
example, feet. Numbers shown in square boxes spread throughowt floor plan 300, such
as box 302 labeled “1” with hash marks, may represent where APs are located. As
mentioned above, these APs may transmit and receive WiF1 gignals to a range of offices
and hallways around their locations. The APs may transmit wireless signals according
to various protocols, including any 802,11 IEEE standards, for example. In some
cembodiments, the APs also transmit round trip time (RTT) measurements). n some
embodiments, the APs also transmit received signal strength indicator (RSS])
measurements. As shown in this example, sixteen APs are placed at various locations
around floor plan 300, including for example, AP 304, labeled “8,” and AP 306, labelad

TRl
I

18048] According o various embodiments, the locations of the APs may be
determined in an efficient and accurate manner. The roethods presented herein may be
significantly quicker and less resource-intensive than traditional methods for
determining APs locations, such as traditional {fingerprinting methods. For example, a
surveyor equipped with a mobile device may walk in a someowhat arbitrary fashion
throughout floor plan 300, For example, the surveyor may start at location 308, walk to
location 310, then finish by walking to location 312, Along the way, the surveyor may
ocord ranging measurements from his present location to ali of the APs, ¢.g. distance or

10
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timing measurements, at several locations. For example, the survevor may record at
focation 308 measurements from location 308 to all of the APs, t.e. the boxes labeled
“1" through “16." For example, the surveyor may record sixteen different RTT
measurements, one for each AP, at jocation 308, Then, the surveyor may do the same
procedure at another location, for example location 310, For exanple, sixtcen more
RTT measureraents may be obtained at location 310, one for cach AP. Finally, the
surveyor may record sixteen more RTT measurements at location 312, one for each AP,
The surveyor may also record other ranging measurements to all of the APs along the
way between locations 308, 310, and 312. it should be appreciated that no mention of
the exact or precise location of focations 308, 310, and 312 were discussed. This is
because m some embodiments, 1t 1s not necessary 1o know the locations of where the
survevor actually recorded the timing or distance measurements to gach of the APs. In
contrast, iraditional methods of determining AP locations, such as in fingerprinting, may
requite that the locations of the surveyor be known. o some embodiments, more than
the three locations described may be used to obtain more distance or timing
measurements. T hese measurcments may be belpful in obiaining even more accurate

results, for example.

{8041} Referring to FIG. 3B, office floor plan 350 ilfustrates example resuldts of the
ctermined locations of the APs using the process described in FIG. 3A. For example,
using just the measurements to each of the APs obtained by the survevor at several
focations, e.g. locations 308, 310, and 312, an estimate of all of the sixteen APs may be
determined, as shown in floor plan 350, As before in FIG. 3A, the numbered boxes
with single-lined hash marks may represent the actual locations of the APs, c.g. APs
356, 352, 358, and 354, etc. The numbered boxes with eriss-crossed hash marks may
represent the estimated locations, e.g. APs 3527, and 334°. As shown in this example,
by utilizing as fow as three locations of the surveyor taking measurcements of all of the
APs, methods and apparatuses according various embodumenis may obtain fairly
accurate positions of all sixteen APs in office floor plan 350, Again, measurements of
all sixteen APs taken at many more locations may tmprove the accuracy of the
estimated locations. Tn some embodiments, methods may first obtain exact positions of

B3
A

a few reference APs, such as APs 356, 358, and 360, in order to determine absohute
11
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locations of all sixteen APs (e.g. in order to fix the true geo-reference locations of the
APs in the office floor plan). Because these locations may already be knowa, a
duplicate cstimate Jocation of those APs may not be shown.  In some embodiments, a
location of the surveyor that reports the strongest/closest ranging measurement to an AP
may be designated as the location of that particular AP. In these cases, these locations

may be considered reference locations 1o help hone determinations of the locations of

the other APs.

{8042] Reforring to FIG. 4, an example mathematical illustration describes at feast
one process for implementing various embodiments. In this example, methods may rely
on principles of linear algebra and/or operations research. For example, given n# APs, an
# x n matrix O of mutual distances between the n APs and arbitrary locations {e.g.
locations 308, 310, and 312) may be generated. In language of Hoear algebra, i 18
known that matrix 1 has rank at most 4 respective of the size of n. Because of this,
with a representative subset of known elements of D, e.g. some known muotual distances
from the arbitrary locations to the locations of at least some of the APs, it is possible to
solve for the entire matrix 2, e.g. determine all of the other mutual distances between
the arbitrary locations and the locations of all of the APs. One exception to be cautious
of is when the arbitrary locations happen to be co-hinear to cach other, e.g. 2
combination of the locations creates a column or row in the matrix D that is merely a
scalar multiple of another column or row. T other words, when there are at least three
non-co-linear reference points, the positions of the n APs may be unambiguously

resolved,

[8843] FIG. 4 shows one example illustrating these principles, which may be used in
some embodiments. 1Hustration 400 shows a 4x4 matrix 13, with 4 columns and 4 rows.
Each of the sixiecn entrics may represent a mutual distance value from one location to
another. lHustration 410 corresponds to example matrix 400, in that points {1, 2, 3, 4}
represent the locations used in matrix 23, That is, matrix D is organized such that the
first columm from the left shows the distance from point {1} in block 410 to points {1,
2,3, 41, respectively, from the top row down 1o the bottom row. For example, the

distance from pomnt | to point 2 1s shown as “1,” while the distance from point 1 to point

12
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4 is shown as “+/2 .7 And the distance from point 1 to itself is designated as “0.”
Similarly, the second coluomn from the left shows the distances from point 2 to points
{1, 2, 3, 4}, respectively, from the top row down to the bottom row, and so forth. Thus,

matrix 2 may be considered a 4x4 matrix of nustual distances.

[8044] Tt is known then that matrix D possesses propertics such that all of the mutual
distances may be resolved when only a subset of mutual distances are known. For
example, assuming that point 2 is not on top of point 3, then with the following example

koown subset, the other values of D can be unambiguously determined:
Triangle [-2-4 15 uniquely determined

Triangle 1-3-4 is undquely determined

Fixing edge 1-4, 2 and 3 are determined

[88458]  The inclusion of the sbove mentioned constraints is reflected in mairix 420,
As shown in this example, not all of the matrix values are yet known, but infonmation
from all of the known values are sufficient to determine the remaining urkoown values.
This simplistic example 1llustrates how methods according to some embodiments may
be able to determine the remaining mutual distances between all locations, such as
ctween ail APs on a floor plan map. In this example, since it is known that ann x n
matrix of mutual distances has at most rank 4, then at most, 4 non-co-linear constraints
about at least some points in the # x » matrix need to be determined n order to
determine the rest of the mutual distances, regardiess of the size of n. An example of 4
constraints is shown in the preceding paragraph, which may be used to determine the

unknown values in matrix 420, labeled as question marks.

{8646] Using the principles discussed in FIG. 4 as one example for determining
numerous mutual distances with just a fow known constraints, methods and apparatuses

according to some embodiments may implement the following example algorithm:

*  Step b collect measurements across the venue; e.g. by attaching a WiFi logger

to a surveyor and moving arbitrarily across the venue.

P
(8]
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«  Step 2: correspond the points with strongest WiFi measurements to an AP 7 with

the location of AP §

»  Step 3: estimate distances between APs 7 and j from the measurements to AP J at
measgrement points corresponding to AP 7 {can use average of multiple

“corresponding points™)

«  Step 4: solve for the full matrix D of motual distances between APs, and 3 given

reference measurement pointsg

»  Step S: Fix the locations of APs and measurement points on map given 3

reference points {e.g. from GPS)

[8847]  In this first example algorithm, Step 2 may designate several of the strongest
WiF1 measurements to an AP 7 as being located at or near AP 7. Step 3 may then
determinge a sot of distances to all other APs 7 from AP i. These distances may satisty
the several non-co-lincar measurements needed to help determine the rest of the nutual
distances, consistent with the descriptions in FIG. 4, Thus, Steps 2 and 3 may provide
several reference measurements of mutual distances between APs. Then, at Step 4, the
full matrix 1 of mutual distances may be determined, knowing the given reference
measurements estimated at Steps 2 and 3. Finally, at Step S, the absolute locations may
be fixed by determining a few absolute locations; for example the locations of some
reference APs or measurement points may be determined using GNSS or other means,
and then the other absolute locations may be determined relative to those reference

points,

[8848] In some cmbodimerds, the locations of the APs may be deterined using a
different algorithm, as follows:
*  Step b collect measurements across the venue; e.g., by attaching a WiFi logger
to a surveyor and moving arbitrarily across the venue.
= Step 2: estimate the distances from each measurement point to gach visibie AP

using a basic WiFi ranging modcl
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e Step 3: solve for the foll matrix D of mutual distances between measurement

points and APg

»  Step 4: Fix the locations of APs and measurement points on map given 3

reference points {e.g. from GPS)

[88498] Note that in this second example algorithm, the matrix D of muotual distances
inclades both AP locations and measurement poims. In this case, distances between a
measurcment point { and an AP x are estimated from the direct WiFi measurement,
whereas the distances between measurement points 7 and j may be estimated from
odometry information such as a pedesirian dead-reckoning (PDR) system using inertial

sensors on the measuring device, or by other means.

[8858] In general, the algorithms described herein include several common concepts.
Specifically, at cach of the at least 3 measurement points, measurements of Wili signals
arc recorded from each and every one of the APs {or at icast the ones that are
visible/measurable from that measurcruent point). 4 prior, there is no restriction on the
number of neither the measurement points nor the APs. The algorithems would give a
“topology” of the AP locations with these measurements/estimates, i.¢. one that is
unique up to rotation and translation and reflection. This topology can be translated
vnambiguously into fixed global coordinates using just three reference points, which
may be three of the measorement points whose locations are unambigoously determined

(e.g. those that can be fixed using GNSS positioning}.

[8881] In some embodiments, the locations of the APs may be improved by ierating
the above processing using the estimated locations of the APs thomselves. These
methods may sometines be called estimation-maximization (EM) algorithms. In some
embodiments, the above mentioned algorithms may be iterated by using the estimated
locations of APs at the end of the algorithms to improve the distance estimations in the

next iteration of the aigorithms.

[8052] Reforring to FIG, SA, flowchart 500 represents an exemplary methodology

according to some embodiments. Starting at block 502, a surveyor or mobile device

may obtain measurcments from at least three measurement points. In some
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embodiments, the measurements may inchide WiFi measurements. The at least three
measurement points may be arbitrary locations in or around the building, and the
locations of the at least 3 measurement points do not need to be known. Example
processes for obtaining such measurement points may be deseribed in any of the
descriptions in FiGs. 34, 3B, 4, and the aforementioned exampie algorithms. Block

502 may be implemented, for example, by transceiver 252.

[8653] At block 504, a surveyor or mobile device may compute distance
measurements from the mobile device to cach of the plurality of APs, at cach of the at
least three measurement points. In some embodiments, iming measurements oay be
obtained. In some embodiments, these measurements may inchude RTT measurements
or RSSI measurements. Example processes for computing these ranging measurements
may be described in any of the descriptions in FIGs. 34, 3B, 4, and the aforementioned

example algorithms. Block 504 may be implemented, for example, by processor 270,

18054] At block 506, a set of mutual distance values may be computed to forma
matrix of mutual distances between cach of the plarality of APs, using the distance
measurements computed in block 504, Block 506 may be consistent with the
descriptions in FI(G. 4 and the aforementioned algorithms. In some cmbodiments, the
mtual distance values may be compuied using principles from lincar algebra or

operations research. Block 506 may be implemented, for example, by processor 270

[8855] At block 508, the locations of the plurality of APs may be determined using
the computed matrix of mutual distances computed in block 506, fn some
embodiments, one measarement point of the at least three measurement points having a
strongest measurement among the measurements is determined to be an actual location
of onc of the plurality of APs. For example, 2 measuroment point that has the strongest
RS5I measurement to an AP may be considered to be the actual location of that AP, As
another example, @ measarcment point that has the shortest RTT measurement to an AP
may be considered to be the actual location of that AP, In some embodiments, the
locations may be fixed n an absolute geo-reference scale by determining at a least sorne
reference locations of the AP locations using, for example, GNSS positioning
techniques. In some embodiments, the locations may be fixed by detormining three
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reference locations of the at least three measurement points using, for example, GNSS

positioning techniques. Block 508 may be implemented, for example, by processor 270.

[8886] Reforring to FIG. §B, flowchart S50 represents another exemplary
methodology according to some crbodiments. In this example, the blocks shown in
FIG. 5A may be consistent with those shown in FiG. 58, However, flowchart 556 may
employ a series of itcrations that repeat the processes in blocks S02-50K8. Here, for
example, the estimated locations determined in block 508 may be used to help
determine the measurements in block 502 in a following iteration in some embodiments.
In this way, the initial measurements may be more accurate, helping to refine the
calcalated distances. The process may end after a predetermined number of iterations,
or based on a designated thresheold, such as when the determined locations from ong

itcration to the next do not change greater than some predetermined minimal distance.

[8857] Having described multiple aspects above, an example of a computing system
i which such aspects may be implemented may now be described with respect to FIG.
6. According 1o one or more aspects, a computer systom as illustrated in FIG. 6 may be
incorporated as part of a computing device, which may implement, perform, and/or
exgcute any and/or all of the features, methods, and/or method steps described herein,
For exaraple, one or more of the processor 610, memory 635, and commuunications
subsystems 630 may be used to implement any or all of the blocks as shown in FIGs SA
and 5B. For example, computer system 600 may represent some of the components of a
hand-held device. A hand-held device may be any computing device with an input
sensoTy unit, such as a carnera and/or a display unit. Exaroples of a hand-held device
include but are not limited to video game consoles, tablets, smart phones, and mobile
devices. In some embodiments, the system 600 is configured to implement the device
250 described above. For example, processor 610 may be used to foplement some or
all of Rx data processor 268, processor 270, and Tx data processor 238, Input device(s)
615 may be used to implement some or all of transceivers 252(a)-(r). Memory 635 may
be used to implement memory 272, and communications subsystem 630 may be used to
implement roodulator 280, FIG. 6 provides a schematic ilustration of one embodiment

of a computer system 600 that can perform the methods provided by various other
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embodiments, as described herein, and/or can function as the host computer system, a
remote kiosk/terminal, a point-oftsale device, a mobile device, a set-top box, and/ora
computer system. FiG. 6 1s meant only to provide a generalized ilustration of varicus
components, any and/or all of which may be utilized as appropriate. FIG. 6, thercfore,
broadly illustrates how individual system cloments may be iraplemented in a relatively

separated or relatively more integrated manner.

[8858] The computer system 600 is shown comprising hardware clements that can be
electrically coupled via a bus 605 (or may otherwise be in communication, as
appropriatc). The hardware elements may include one or more processors 610,
mechiding without hinitation one or more general-purpose processors and/or one or more
special-purpose processors {(such as digital signal processing chips, graphics
acceleration processors, and/or the like); one or more input devices 615, which can
mclude without limitation a camera, a mouse, 3 keyboard and/or the like; and one or
more outpot devices 620, which can include without Hmitation a display unit, a printer

and/or the like.

[8059] The computer system 600 may further include (and/or be in commumication
with) one or more non-transitory storage devices 625, which can comprise, without
timitation, local and/or network accessible storage, and/or can include, without
Himitation, a disk drive, a drive array, an optical storage device, a solid-state storage
device such as a random access memory {(“RAM”) and/or a read-ondy memory
(“ROM™), which can be programmable, flash-updateable and/or the like. Such storage
devices may be configured to implement any appropriate data storage, including without

Hnitation, various file systems, database stractures, and/or the like.

188668] The computer systern 600 might also include a commuuications subsysier

630, which can include without Iimutation a modem, a network card (wireless or wired),

an infrared commaunication device, a wireless commuonication device and/or chipset

(such as a Bloctooth® device, an 802,11 device, 8 WiFi dovice, 8 WiMax device,

cellular communication facilitics, etc.), and/or the like. The cormmunications subsysten

630 may permit data to be exchanged with a network (such as the network described
clow, to name one example}, other computer systems, and/or any other devices

18



WO 2014/164135 PCT/US2014/020773

described herein. In many embodiments, the computer system 600 may further
comprise a non-transitory working memory 635, which can include a RAM or ROM

device, as described above.

{8661] The computer system 600 also can comprise software clements, shown as
being currently located within the working memory 6335, including an operating system
640, device drivers, executable Hibraries, and/or other code, such as one or more
application programs 645, which may comprise compriter programs provided by various
embodiments, and/or may be designed to implement methods, and/or configure systems,
provided by other embodiments, as described herein. Merely by way of example, one
or more procedures described with respect to the method(s} discussed above, for
cxample as described with respect to FIGs. SA or 5B, might be implemented as code
and/or instructions cxecutable by a computer {and/or a processor within a computer); in
an aspeet, then, such code and/or instructions can be used to configure and/or adapt a
general purpose computer {or other device) to perform one or more operations in

accordance with the described methods.

18062] A set of these instructions and/or code might be stored on a computer-readable
storage medium, such as the storage device(s) 625 described above. In some cases, the
storage medumn might be incorporated within a computer system, such as coraputer
system 600, In other embodiments, the storage medivm might be separate from a
computer system {e.g., a removable medium, such as a compact disc), and/or provided
in an mstallation package, such that the storage medium can be used to program,
configure and/or adapt a gencral purposc computer with the imstructions/code stored
thercon. These instructions might take the form of executable code, which is executable
by the compuier system 600 and/or might take the form of source and/or installable
code, which, upon compilation and/or installation on the computer system 600 {e.g.,
using any of a variety of generally available compilers, fnstallation programs,
compression/decompression utilities, ete.) then takes the form of executable code.
[8863] Substantial variations may be made in accordance with specific requircments.
For example, castomized hardware might also be used, and/or particular clements might
¢ implemented in hardware, sofiware {including portable software, such as applets,

%
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ete.), or both. Further, connection to other computing devices such as network

input/ocutput devices may be employed.

[8864] Some embodiments may employ a computer system (such as the computer
system 600} to perform methods in accordance with the disclosure. For example, some
or all of the procedures of the described methods may be performed by the computer
system 600 in response to processor 610 executing one or more sequences of one or
more instractions (which might be incorporated into the operating system 640 and/or
other code, such as an application program 645} contained in the working memory 635,
Such tustructions may be read nfo the working memory 635 from another computer-
readable medium, such as one or more of the storage device(s) 625, Merely by way of
cxample, execution of the sequences of instructions contained in the working memory
635 might cause the processor{s) 610 to perform one or more procedures of the methods
described herein, for example one or more of the elements of the method described with

respect to any of FIGs. 5A or $B.

18063)  The terms “machine-readable medium™ and “computer-readable medium,” as
ased herein, refer to any medium that participates in providing data that causes a
machine to operate in a specific fashion. In an embodiment implemented using the
computer system 600, various computer-readable media might be nvolved in providing
mstructions/code to processor(s) 610 for execution and/or might be used to store and/or
carry such instructions/code (e.g., as signals). In many implementations, a computer-
readable mediun is a physical and/or tangible storage medium. Such & medium may
take many forms, including but not limited to, non-volatile media, volatile media, and
transmission media. Non-volatile media tnclude, for example, optical and/or magnetic
disks, such as the storage device(s) 625, Volatile media include, without limitation,
dynamic memory, such as the working memory 635, Transmission media incluade,
without Bmitation, coaxial cables, copper wire and fiber optics, melading the wires that
comprise the bus 603, as well as the various components of the communications
subsystem 630 {(and/or the medis by which the communications subsystem 630 provides

commmunication with other devices). Hence, transmission media can also take the form
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of waves (including without Himitation radio, aceustic and/or light waves, such as those

generated during radio-wave and infrared data communications).

18066] In one or more examples, the functions described may be implemented in
hardware, sofiware, firmware, or any combination thereof. If implemenied in software,
the functions may be stored on or transmitted over as one or more nstructions or code
on a computer-readable medium. Computer-readable media may include computer data
storage media. Data storage media may be any available media that can be accessed by
OIE OF MOTE COMPUICTS OF ONC OF MOC Processors to retricve insiructions, code and/or
data structures for inplementation of the technigues described in this disclosure. “Data
storage media” as used herein refers to manufactures and does not refer to transitory
propagating signals. By way of example, and not limitation, such computer-readabic
media can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage, or other magnetic storage devices, flash memory, or any other
medium that can be used to store desired program code in the form of instructions or
data structures and that can be accessed by a computer. sk and disc, as used herein,
nclades compact dise {CD), laser disc, optical dise, digital versatile dise (DVD), floppy
disk and bla-ray disc where disks usually reproduce data magnetically, while dises
reproduce data optically with lasers. Combinations of the above should also be included

within the scope of computer-readable media.

[8667] The code may be exccuted by one or more processors, such as one or more
digital signal processors (DBSPs), general purpose microprocessors, application specific
wntegrated circuits (ASICs), field programmable logic arrays (FPGAs), or other
equivalent integrated or discrete logic circuitry. Accordingly, the term “processor,” as
used hercin may refer o any of the forcgoing structure or any other structure suitable
for implementation of the technigues described herein. Tn addition, insome aspects, the
fumctionality described heremn may be provided within dedicated hardware and/or
software modules configared for encoding and decoding, or incorporated in a combined
codec. Alse, the techuiques could be fully implemented 1n one or more circuits or logic

elements.,
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[8868] The techniques of this disclosure may be mplemented in a wide variety of
devices or apparatuses, including a wireless handset, an integrated circuit (IC) or a set of
1Cs {e.g., a chip set). Various components, modules, or units are described in this
disclosure to emphasize functional aspects of devices configured to perform the
disclosed techniques, but do vot necessarily require realization by different hardware
units. Rather, as described above, various units may be combined in a codec hardware
vnit or provided by a collection of interoperative hardware units, including one or more
processors as described above, in conjunction with suitable software and/or firmware

stored on computer-readable media.

18069) Various examples have been described. These and other examples are within

the scope of the following claims.
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WHAT IS5 CLAIMED 15:

I. A method for determiming locations of a plurality of access poinis
(APs), the method comprising:

a} obtaining measurements from at least 3 measurement poinds using a
mobile device, wherein focations of the at least 3 measurement points are unknown and
are at different locations;

b) computing distance measurements from the mobile device to each of
the plurality of APs, at each of the at least 3 measurcment points, using the
measurements;

¢} computing a set of motual distance valoes in 2 matrix of mutual
distances between each of the plurality of APs, using the distance measurements; and

d} determining the locations of the plurality of APs using the computed

matrix of mutual distances, relative to the at least 3 measurement points.

2. The method of claim 1, wherein the at least 3 measurement points
comprises 3 reference points whose locations are unambigoously determined, the
method further comprising e} determining global locations of the plarality of APs using

the computed matrix of mutual distances and the 3 refercoce points.

3. The method of claim 1, wherein the measurements from each of
the at icast 3 measurerent points comprise ranging information associated with each of

the plurality of APs.

4. The method of claim 1, wherein computing the distance
measurements comprise at least one of computing roundtrip times from the mobile
device to cach of the plurality of APs, and cstimating the distance measurements based

on signal strength to cach of the plorality of APs from the mobile device.

5. The method of claim |, wherein a measurement poiot of the at
least 3 measurement points having a strongest measurement among the measuremerds is

determined to be an actual location of one of the phurality of APs.

]
(8]
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b, The method of claim 1, further comprising repeating steps a)
through d) in an iterative process, wherein the measurements obtained in step a) are

based on the determined locations of the plurality of APs in step d).

7. An apparatus for determining locations of a plorality of access
points (APs)}, the apparatos comprising:

a receiver configured to a} obtain measurements from at least 3
measurement points using a mobile device, wherein locations of the at least 3
measurement points are unknown and are at different locations; and

a processor configured to:

b} compute distance measurements from the mobile device to each of the
plurality of APs, at cach of the at least 3 reference points, using the measurements;

¢} compute a set of mutual distance values in a matrix of mutpal
distances between cach of the plurality of APs, using the distance measurements; and

d) determine the locations of the plurality of APs using the computed

matrix of muitual distances, relative o the at least 3 measurement points,

5. The apparatus of claim 7, wherein the at least 3 measurement
points comprises 3 reference points whose locations are unambiguously determined, and
wherein the processor is further configured to ¢) determine global locations of the
plurality of APs using the computed matrix of mutual distances and the 3 reference

potnis.

9. The apparatus of claim 7, wherein the measurements from each
of the at least 3 measurement points comprises ranging mnformation associated with each

of the plurality of APs.

16. The apparatus of claim 7, wherein the processor is further
configured to compute roundirip times from the mobile device to cach of the plurality of
APs or estimate the distance measurements based on signal strength to cach of the
plurality of APs from the mobile device to the compute distance measurements from the

maobile device.
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1t The apparatus of claim 7, wherein a measurement point of the at
least 3 reference points having a strongest measurement among the measurements is

determined to be an actual location of one of the plarality of APs.

2. The apparatus of claim 7, wherein the receiver and the processor
are further configared to repeat steps a) through d) in an iterative process, wherein the
measurements obtained o step a) arc based on the determined locations of the plurality

of APs in step d).

13 An apparatus for determining locations of a plurality of access
points (APs), the apparatus comprising:

means for a) obtaining measorements from at least 3 measurement
points, wherein locations of the at least 3 reference points arc unknown and are at
ditferent locations;

means for b} computing distance measurements from the apparatus to
each of the pharality of APs, at cach of the at least 3 measaorement points, using the
THCASUFCTNCTHS;

means for ¢} computing a set of mutoal distance valies in a matrix of
muutoal distances between each of the plurality of APs, using the distance
measurements; and

moeans for d) determining the locations of the plurality of APs using the

computed matrix of nustual distances, relative to the at least 3 measurement points.

4. The apparatus of claim 13, wherein the at least 3 measurement
points comprises 3 reference points whose locations are unambiguously determined, the
apparatus further comprising ¢) means for determining global locations of the phurality

of APs using the computed matnix of mutual distances and the 3 reference points.
B

15 The apparatus of claim 13, wherein the measuremenis from cach
of the at least 3 measurement points comprises ranging information associated with cach

of the plurality of APs,

A
i
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16. The apparatus of claim 13, wherein the means for computing the
distance measurements comprises at least one of means for computing roundtrip times
from the apparatus to each of the phurality of APs, and means for estimating the distance
measurcments based on signal strength to cach of the plurality of APs from the

apparatus.

17. The apparatus of claim 13, wherein a measurement point of the at
least 3 reference points having a strongest measurement among the measurements 18

determined to be an actual Jocation of one of the plarality of APs.

I8, The apparatus of claim 13, further comprising means for
repeating steps a) through d} in an ierative process, wherein the measurements obtaimed

in step ) arc based on the determined locations of the plurality of APs in step d).

19, A non-iransitory processor-readabic medium comprising
processor-readable instructions configured to cause a processor to:

a} obtain measurements from at least 3 measurement points, wherein
locations of the at least 3 measurement points are unknown and are at different
locations;

b) compute distance measurements from a mobile device to cach of a
phurality of APs, at each of the at least 3 measurement points, using the measurements;

¢} compute a set of mutual distance values in a mairix of mutual
distances between each of the plurality of APs, using the distance measurements; and

d} determine the locations of the plurality of APs using the computed

matrix of mutual distances, relative to the at least 3 measurement points.

26. The non-transitory processor-readable medium of ¢laim 19,
wherein the at least 3 measurement points comprises 3 reference points whose locations
arc unambiguously determined, and wherein the instructions are further configured to
cause the processor 1o ¢) determine global locations of the plurality of APs using the

computed matrix of mutual distances and the 3 reference points.

)
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21, The non-transitory processor-readable medium of claim 19,

wherein the measurements from each of the at least 3 measurement points comprises

ranging information associated with each of the plurality of APs.

22, The non-transitory processor-readable medium of claim 19,
wherein the instructions are further configured to cause the processor to compute
roundirip times from the mobile device to cach of the plurality of APs or estimate the
distance measurements based on signal strength to each of the plurality of APs from the

mobile device {o compute the distance measurements from the mobile device.

23, The non-transitory processor-readable medium of claim 19,
wherein the tustructions are further configured to cause the processor to repeat steps a)
through d} in an iterative process, wherein the measurcments obtained in step a) are

based on the determined focations of the plurality of APs in step d).
P ) 1Y
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