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SYSTEM AND METHOD FOR ESTIMATING
THE LOCATION OF A MOBILE DEVICE

Background

[0001] Location based services for mobile stations are expected to play an important
role in future applications of wireless systems. A wide variety of technologies for locating
mobile stations have been developed. Many of these have been targeted towards the
Federal Communication Commission’s (“FCC”) requirement to determine the location of
emergency 9-1-1 callers with a high dégree of accuracy. These technologies may be
classified into external methods or network based methods. One example of an external
method is the Global Positioning System (“GPS”). Network based methods m'ay be
further categorized depending on whether it is the network or the mobile station that
performs necessary signal measurements. These signal measurements may involve the
reéeption time of signals communicated between a base station (“BS”) and a mobile

station (“MS”), the angle of arriving signals or round trip delay measurements of signals

communicated between a serving BS and an MS, or combinations thereof.

[0002] Most methods require specific hardware in the MS and/or in the network.
Furthermore, Location Measurement Units (“LMU’) are generally required for some
methods to obtain knowledge about the relative time differences for sending signals to
different mobile stations. As a result, a network operator is faced with a high initial cost

for investing in new equipment. Such a disadvantage applies for both network and MS

based methods.

[0003] For many location based services, it is expected that an accuracy of five
hundred meters or even more 1is sufficient. For these types of services, investments in new .
expensive equipment is not easily justified. For some cases, a phased solution may be the
most attractive choice where a network operator will initially offer services based on low

accuracy positioning methods and may later invest in new equipment as revenues increase.

[0004] It 1is thus of interest to investigate what may be done with a minimum of
network impact and expense. The currently available network information with respect to

MS location includes the i1dentity of the serving cell, timing advance and measurement
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reports from the MS. The timing advance is an estimate of a signal propagation time and 1s
used for calculating the distance between the serving BS and the MS. MS measurement
reports include measurements of the received signal strengths and identities of neighboring

BSs as well as those of the serving BS.

[0005] Time of Arrival ("TOA”) measurements provide a propagatibn time of
’signals between an MS and a BS. Time Difference of Arrival (“TDOA”) measurements
prbvide the difference of signal propagation time of signals between the MS and two
different BSs. The measurements of the two BSs may then be used for calculating the
actual position of the MS. This procedure, using well-known geometric equations, 1s

~commonly called triangulation.

- [0006] Figure 1 is an illustration of a TOA measuring procedure. With reference to
Figure 1, a mobile station 110 is capable of communication with at least three base stations
112, 114, 116. In order to determine the position of the MS 110, the distance between the
MS 110 and each of the three BSs may be measured using a TOA technique. The
measured distance 113 between the base station 112 and the MS 110 defines a circle 103
around the base station 112. The MS 110 is located somewhere on the circle 103.
Likewise, the measured distances 115, 117 between the base stations 114, 116 and the MS
110 defines circles 105, 107, respectively, around the base stations 114, 116. The
intersection of the circles 103, 105 and 107 defines the location of the MS 110.

- [0007] In a TDOA measuring technique, the position determinations use TDOA
calculations which are further based on TOA measurements. In this method, the position
of the MS is located at or near the point where a plurality of hyperbolic arcs cross over one

another. The two most common known positioning methods are the Down-Link Observed
Time Difference of Arrival method (“DL-OTDOA”) and the Up-link Time of Arrival

method (“UL-TOA”). The DL-OTDOA method 1s generally based on measurements
performed by the MS.

[0008] Figure 2 1s an illustration of a DL-OTDOA measuring procedure. With

reference to Figure 2, a MS 210 1s capable of communication with a serving base station

2
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216 at a distance 217 and further with two néighboring base stations 212, 214 at distances
213, 215 respectively. OTDOAs of do§vnlink signals received from two base stations
define a hyperbolé, represented by dashed lines. The areas indicated outside the dashed
lines represent measuremenf error margins. When three or more BSs are available, a
plurality of hyperbolas may be defined and the MS will be located in the intersection 219
of these hyperbolas. To compensate for any non-time aligned transmissions from the
different BSs, the Base Station Time Offsets (“BSTO”) must be known if the BSs are
unsynchronized to a global time reference. In conventional systems, BSTOs are generally
obtained by employing LMUSs in at least some of the BS:s. UL-TOA operates 1n a similar

manner, although in this case, the BSs make measurements on uplink signals transmitted

- by the MS.

[0009] The 3GPP standard recommended OTDOA solution involves installing
LMUs at each BS 1n order to measure the BSTOs. This additional hardware requirement
introduces a significant cost to network operators interested in utilizing OTDOA for MS
location. Universal Mobile Telecommunications System (“UMTS”) operators are
currently not implementing OTDOA 1n either the handsets or the network since the 3GPP
standard recommended solution 1s not cost effective and overly complex. The current
focus by UMTS operators is to implement Assisted GPS (“A-GPS”) as the only high-
accuracy location method. In the event when A-GPS fails to produce a 11x 1 difficult
aréas, e.g., indodrs and dense urban areas, UMTS operators will not have a reliable fall-
back method. This is a disadvantage for UMTS carriers when compared to CDMA
carriers employing Advanced Forward Link Trilateration (“AFLT”’) that 1s commonly
relied upon as a reliable backup method in the event A-GPS fails. UMTS carriers will thus
be required to address this issue once A-GPS begins to be deployed and location based

services are offered that require a better yield than A-GPS provides.

' [0010] Further issues may exist with plural BSS and MSs. For example, a network
may comprise unsynchronized BSs in fixed geographical positions with plural MSs having
unknown locations. This lack of synchronization manifests itself in unknown time offsets

aﬁlong the transmissions of the BSs. The BSs periodically (or with some known protocol)
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transmit signals S1 the form of which 1s known a prior1 at the MSs. The MSs observe
these signals and form OTDOAs of these signals. The OTDOAs are hence families of
hyperboloids 1n space or hyperbolae in two dimensions. Additionally, the BSs transmit
other signals S2 which, upon receipt at an MS, trigger the generation of further signals S3
at the MS whose form and timing with respect to the signals S2 is known. The S3 signals
then permit the BSs transmitting the signals S2 to determine the Round Trip Time
(“RTT”) with respect to the MS. '

[0011] At any given time one may thus assume that there are some number of MSs
in. a network reporting the OTDOAs with respect to a subset of BSs in the network.
Additionally, the BSs report the RTTs with respect to some subset of MSs 1n the network.
[t may then be assumed that all of this OTDOA and RTT data is associated with a time
stamp indicating the time of receipt and collected at a device termed a Location Computer

that computes MS locations and tracks the BSTOs.

[0012] In the absence of BSTOs, 1t 1s generally recognized that the location of a
single MS may be achieved through the knowledge of multiple OTDOAs with respect to
multiple BSs or fewer OTDOAs coupled with RTTs as recommended in 3GPP TS 25.305
version 7.3.0 Rel. 7. There are, however, several issues associated with a direct
iﬁiplementation of the recommendation in this technical standard. First, the BSs are
unsynchronized which results 1n a modification of each OTDOA by an unknown amount
equal to the relative time shift between the associated BSs. Thus, the BSTOs are not equal
to zero, and may be quite large. Second, the number of practically observable BSs per MS
18 .Iimited, i.e., there may be very few available OTDOAs. Third, the 3GPP standard
recommended OTDOA solution involves installing LMUSs in each BS to measure the
associated BSTOs. This additional hardware requirement introduces a significant cost to

operators interested in using OTDOA for MS location.

[0013] Thus, the implementation of the 3GPP standard recommended solution may
not be viable unless some method of estimating BSTOs is made available. Once the
BSTOs are estimated, however, it may be possible to determine the location of an MS by a

single OTDOA and RTT. There is thus a need in the art for estimating BSTOs using
4
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OTDOAs and RTTs jointly in a single solution and for estimating BSTOs when available
data is highly limited such that the available equations are under- determined, 1.e., cases
where there are more variables than equations. There is also a need in the art to determine

the location of an MS when such under-determined equations exist or when using

OTDOAs and RTTs jointly in a single solution.

- [0014]  Accordingly, there 1s a need for a method and system for estimating the'

. location of a mobile station that receives signals from a plurality of base'stations. '
Therefore, an embodiment of the present subject matter provides a method for estimating
the location of a mobile station that receives signals from a plurality of base stations. The
method comprises the steps of determining an OTDOA value at a mobile between a first
signal received from a first base station and a second signal received from a second base
station and determining an RTT value between the mobile and the first base station. The
method further comprises selecting an initial location for the mobile that is within a first
predetermined area and determining an estimated location for the mobile using the
selected 1nitial locatiOn, the OTDOA and RTT values, and an iterative search algorithm
wherein the iterative search algorithm iterates a predetermined number of steps. If the
estimated location is Within a second predetermined area, and in such cases where the BSs
are not time synchronized, this location may be used to estimate the BSTOs. In addition, 1f
a running estimate of this BSTO has been maintained, the current estimate can be modified
to exhibit the new information made available from the most recently derived BSTO
estimate. The estimated location may also be stored if the estimated location is within this
second predetermined area whereby the preceding steps may then be repeated within a
predetermined time interval. A location for the mobile may then be determined from the
stored estimated locations and the current best estimate of the BSTO, in a jointly optimal
manner. It should be apparent to the reader that this includes the case where there may be
no currently available best estimate of the BSTO, in which case the current estimate is also

the current best estimate, and where the currently obtained location 1s computed difectly

from the current measurements.
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[0015] In another embodiment of the present subject matter a method is provided
for estimating the location of a mobile station that receives si‘gnals from a plurality of base
stations. The method comprises the steps of determining an OTDOA value at the mobile
between a first signal received from a first base station and a second signal received from a
second base station, selecting an initial location for the mobile that is within a first
predetermined area, and determining an estimated location for the mobile using the
selected initial location, the OTDOA value, and an iterative search algorithm wherein the
iterative search al gorithm iterates a predetermined number of steps. The method further
comprises storing the estimated location if the estimated location 1s within a second
prédetermjned area, updating a running best estimate of the appliCable BSTO and
repeating the aforementioned steps within a predetermined time interval, and determining

a calculated location for the mobile from the stored estimated locations and the current

bést estimate of the BSTO.

- [0016] In yet another embodiment of the present subject matter a method 1s
provided for estimating the location of a first mobile station and a second mobile station
where each mobile station receives signals from the same plurality of base stations. The
method comprises the steps of determining a first OTDOA value at the first mobile
between a first signal received from a first base station and a second signal received from a
second base station, determining a secoild OTDOA value at the second mobile between a
third signal received from the first base station and a fourth signal received from the
second base station, determining a first RTT value between the first mobile and the first
base station, and determihing a second RTT value between the second mobile and the
second base station. The method further comprises the steps of selecting a first initial
location for the first mobile that is within a first predetermined area, selecting a second

initial location for the second mobile that is within a second predetermined area, and
‘ determining a first estimated location for the first mobile and a second estimated location
for said second mobile. The estimated locations are determined using the selected 1nitial
locations, the first OTDOA value, the second OTDOA value, the first RTT value, the
se-cond RTT value, and an iterative search algorithm where the iterative search algorithm

iterates a predetermined number of steps. The method further comprises the steps of

6
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storing the first estimated location if the first estimated location 1s within a third
predetermined area and storing the second estimated location if the second estimated
location 1s within a fourth predetermined area. In addition, if a running estimate of the
BSTOs for each pair of BSs is maintained, these BSTOs are updated to manifest the new
information available from the current location estimates for the MSs. The aforementioned
steps may be repeated within a predetermined time interval, and a calculated location for
the first mobile and a calculated location for the second mobile may be determined from .

the stored estimated locations and the current estimates of the BSTOs.

!

[0017] In an alternative embodiment of the present subject matter a method is
provided for estimating the location of a first mobile station and a second mobile station
where each mobile station receives signals from the same plurality of base stations. The
method comprises the steps of determining a first OTDOA value at the first mobile
between a first signal received from a first base station and a second signal received from a
.second base station, determining a second OTDOA value at the second mobile between a
third signal received from the first base station and a fourth signal received from the
second base station, selecting a first itial location for the first mobile that is within a first
predetermined area, and selecting a second initial location for the second mobile that is
within a second predetermined area. A first and second estimated location may be
determined for the first and second mobiles, respectively, using the selected initial
locations, the first OTDOA value, the second OTDOA value, and an iterati\te search
algorithm wherein the iterative search algorithm iterates a predetermined number of steps.
The method further comprises storing the first estimated lecation if the first estimated
1oeation is within a third predetermined area, storing the second estimated location if the
second estimated location 1s within a fourth predetermined area, and repeating the
aforementioned steps within a predetermined time interval. Further, if running estimates
of the BSTOs are maintained, these estimates are updated in an optimum manner that
includes the most recent information derived from the location estimates. Calculated
locations for the first and second mobiles may then be determined from the stored

estimated locations and the current best estimate of the BSTOs.
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[0018] In yet another embodiment of the present subject matter a method 1s
provided for estimating the locations of an integer number M of mobile stations where at
least one of such MSs receives signals from at least two of N base stations ( N > 2). In this
configuration, some MSs may receivesignals from all BSs and some may receive signals
from only a pair of BSs. Each MS receiving signals from any pair of BSs 1s then capable
of generating an OTDOA with respect to such a pair. In addition, some number of MSs
mey have RTTs with respect to specific BSs. It should be clear to the reader that the above
scenario will often be described mathematically by a set of under determined equations
where an exact solution for at least some of the MS locations cannot be derived from the
current set of OTDOA 'and RTT measurements. The method for this case then comprises
the selection of initial locations in a first set of predetermined areas for each of the M MSs,

applying an iterative search al gorithm where the algorithm iterates for a predetermined
‘ number of steps, and storing the resulting MS locations that are obtained in a second set of
predetermined areas. As should be evident, not every MS will generate such a valid
location. For those locations that do fall into the second set of predeteremined areas, every
BSTO that can be updated using such a location is updated to generate a current best
estimate of that BSTO. Since there are multiple MSs available, it 1s possible that there
will be more than one current MS location that may be used to update a particular BSTO
estimate. The aforementioned steps may be repeated within a predetermined time interval,

and a calculated location for each mobile station may be determined from the stored

estimated locations and the current estimates of the BSTOs.

[0019] In all of the preceding embodiments, and any of a similar nature that may be
envisioned, the selection of the first set of locations for the MSs within a set of
predetermined regions may be implemented using ofher a prior1 knowledge pertaining to
the MSs. This information could include the serving cell or sector, mobile power
measurements, mobile traffic density distributibns, mobile path profile from stored
databases etc., all of which may constrain the 1nitial location. Additionally the same set or
a similar set of a priori information may be used to constrain the final algorithm

determined location that determines when that location 1s considered valid and 1s used to

update the current BSTO estimates.
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[0020] These embodiments and many other objects and advantages thereof will be
readily apparent to one skilled in the art to which the invention pertains from a perusal of
the claims, the appended drawings, and the following detailed description of the

embodiments.

Brief Description of the Drawings

[0021] Figure 1 is an illustration of a Time of Arrival measuring procedure.

[0022] Figure 2 1s an 1llustration of a Down-Link Observed Time Difference of

Arrival measuring procedure.

[0023]  Figure 3 1s an algorithm according to one embodiment of the present subject

matter.

[0024] Figure 4 1s an algorithm according to another embodiment of the present

subject matter.

[0025] Figure 5 1s an algoﬁthm accbrding to a further embodiment of the present

subject matter.

[0026] Figure 6 1s an algorithm according to an additional embodiment of the

presént subject matter.

[0027] 'Figure 7 1s an algorithm according to an embodiment of the present subject

matter.

Detailed Description

[0028] With reference to the figures where like elements have been given like
numerical designations to facilitate an understanding of the present subject matter, the
- various embodiments of a system and method for estimating the location of a mobile

device are described herein.

- [0029] Through consideration of a general ekample, embodiments of the present

subject matter may be properly described. Then, by selectively excluding certain

9
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mathematical relationships, it may be possible to consider all the data limited sub-

categories discussed above. Each Observed Time Difference of Arrival (OTDOA)

provides a single equation with three unknowns: a pair of two dimensional coordinates for
the mobile station (MS) and the relative time shift between the transmissions of the two

base stations (BS) involved in the OTDOA. Each Round Trip Time (RTT) provides a

single equation with two unknowns: the two dimensional coordinates of the MS.
[0030] Thus, every OTDOA may be represented in the following manner:
[0031] A, =A,+R,—R,,+N,,, (1)

[0032] where the base station time offset (“BSTO”) represented by A, 1s the actual
relative time offset of the first BS with respect to the second BS, R, 1s the distance from
the first MS or MS “A” to the first BS, R, 1s the distance from MS “A” to the second BS,
Ay> 1s the OTDOA observed by MS “A”, and N5 1s the noise in the observation. As a

nonlimiting example referring to Figure 2, MS “A” is mobile 210, the first BS may be base
station 216, the second BS may be base station 214, R, is the distance 217, and R;4 1s the
distance 215.

[0033] An RTT for the same MS “A” may be written, assuming the serving site 1s
the first BS, as:

[0034] Ios =2R ,+ N,y (2)

[0035] where Tgrya is the RTT measured by the serving BS, e.g., the first base station

on MS “A” and N/, 1s the noise on the measurement.

[0036] While each of the subscripted R, terms may be rewritten in terms of two
dimensional coordinates, e.g., an x- coordinate and a y-coordinate, it 1s conceptually easier
to retain the R. terms for ease of exposition. Writing similar equations for a different MS,

MS “B”, but the same BS pair, the following relationship may be provided:
[0037] B, =0, +R ;= Ryy + Ny, (3)

[0038] where the BSTO represented by A, is the actual relative time offset of the
first BS with respect to the second BS, R3 is the distance from the second MS or MS “B”

10
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to the first BS, R,p 1s the distance from MS “B” to the second BS, By, 1s the OTDOA

observed by MS “B”, and Ngy, 1s the noise 1n the observation.

[0039] An RTT for the same MS “B” may be written, assuming the serving site 1s
the second BS, as:

| [0040]  Typy =2R 5 +Nyp, (4)

[0041] where Txp 1s the RTT measured by the serving BS, e. g., the second base

station on MS “B” and N;g 1s the noise on the measurement.

[0042] Through subtraction of equatidn (3) from equation (1), one may remove the
unknown relative BSTO A1> . The resulting equation obtained from the OTDOAs may be

represented as:
[0043] Alz — B, =Ry — Ry — (Rw o R?.B) + NAI?. =Ny, - (5)

[0044] Equation 5 fepresents a single equation with four unknowns, namely, the two
dimensional coordinates of the MSs. One may then visualize that for each additional BS
for which the current MS pair has derived OTDOAs, one obtains a further eqﬁation in the
same four unknowns. For example ,if there was a third BS, one may provide the following

relationship:
- [0045] Ay = B3 =R, — Ry, —(Riy —Ryp) + N 45— Np;. (6)

[0046] It thus follows that for this MS pair, a set of five BSs will provide the bare
minimum number of equations needed for a solution to the location of each MS. It should

be noted that no RTTs have been introduced into this solution. If RTTs were also
available for each MS, then a set of three fully observed (all OTDOAs available) BSs

would provide an alternate solution.

[0047]  Considering an example where one possesses three MSs and if RTTs are
excluded, two sets of three equations may be constructed similar to the equations above

provided four fully observed BSs are present. Thus, six equations and six unknowns (the

11
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~two dimensional coordinates of the three MSs) result. Enumerating these equations

provides the following relationships:
[0048] A, ~B, =R, ~ Ry~ (Riy — Ryp) FN =Ny, (7)
- [0049] A,-B,=R,,-R,,—(R,;—R,;)+N ,; — Ny, (8)
[0050] 4, - B,=R,—R,,—(R,—R,;)+ .NAM —~N,.,(9)
\ [0051]  4,-C, =R, -R,, - (R.~R,.)+N,, —Ng,, (10)
[0052] Ay —Cpy =Ry, —Ryy —(Ric =Ric) + Ny = Ny, (11)
[0053] A4,-C,=R,-R,,—(R.—-R,)+N . —Ngy.,(12)

[0054] Once the locations of a single MS is determined, the relative BSTOs for all
observed BSs may readily be generated in the absence of noise. For example, with the

location of MS “A” determined one may directly solve equation (1) to obtain the relative

BSTO between the first and second BSs:
[0055} An - A12 “RIA + RZA ""N,m ) (13)
- [0056] where the noise term 1s 1ignored and set to zero.

[0057] By way of further example, given fully determined equations (of whatever
combination), one may employ embodiments of the present subject matter to determine
MS locations. Assuming M MSs and N BSs, where each MS has 'an OTDOA with respect
to every pair of BSs and 1n addition every MS has an RTT with respect to a single BS (the

serving site), one may provide ;the following relationships using only the OTDOAs and

1gnoring noise:

[0058] .f(A,B,l,Z) = RIA o RZA o (Rm - Rw) — (sz - BIZ) 3 (14)

| [0059] | f(A,B,x,z) - RIA o RBA o (Rw o Rss) — (Azs ”Bis) 5 (15)
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- [0060] . o (16)
[0061]  fyu5m = Rug — Rys — (Riy = Ryp) = (g = By) , (17)
[0062]  fy 0 = Ris = Ry~ (Ric — Rye) = (A, =), (18)

- [0063] . » (19)
00641 71m) = Ros = Rog = (Rec = Rrc) =y — o) (20)
0065] l . @D

- [0066] Sfoamnz =Ry —Ryy — (R,,, - R, )—(4,-M,),(22)
(0067 ’ . (23)
100681 Jiqay = Ros ~ s = Ruyg — Ry )~ (diy = My), (24)

- [0069]  where the f_) terms represent the differenc.es of the respective hyperbolic
terms from which the OTDOA differences have been subtracted out and Equations (16),
(19), (21) and (23) represent additional relationships using only the OTDOAs and ignoring

noise that have been omitted for ease of explanation.

- [0070] In a stmilar manner one may prbvide the relationships for the RTTs:

[0071] £, =0.5%T,, R, ,,(25)

[0072] £, =0.5%T, ~R, ,, (26)
- [0073] o (27)

[0074]  f,, =0.5%Ty, —R, ,,(28)

[0075]  where the quantities py represent any of the numbers 1 through N since the
assumption is that the serving site for each MS could be any one of the BSs. Equation (27)
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represents additional relationships for the RTT's that have been omitted for ease of

explanation. Forming vectors R, f, and a provides the following:

[0076] R=[R, R R....R, R, ,R,,..R, R, .R.T,(29)

[0077] [ = wsinSasisSamamS T 5 (30)

[0078] «=[4,,-B,A,-B...4, ~M,05%T 05*T,.05*T, T.(31)
- [0079]  Then one may provide:

[0080] f=H(R+N,)-a,(32)

[0081] where H is a matrix having elements in [0, -1, 1] and of a size LxMN where
L represents the number of equations. Ngis a noise vector with terms representing the
noise components on every radial measurement. It should be noted that both the RTT and

the OTDA are made by two radial distance measurements in each case and hence

aggregating the noise to the R vector directly in a linear sum is appropriate. At this point
there are two aproaches one may take to derive a solution. One approach assumes

(Gaussian noise on each measured quantity.

[0082]  Assuming Gaussian noise with covariance matrix Cy. since the vector f1is

identically zero, HR + HN; — o = 0, so that the random vector X =—~HN . is Gaussian with

statistics of zero mean and covariance C,, = E[HN,.N'cH']=HC vH'. The probability

that X takes the value HR — a 1s governed by the quadratic form:
[0083]  O(Z) = (HR-a)' Cy\ (HR—c) , (33)

[0084] which follows since the probability is of the form of a constant times

exp(—XCy, X) , which is maximized by the minimum quadratic form. Z is the

1
Jem

multi-dimensional location of all the MSs, i.e., Z is the vector whose components are the

two dimensional components of all the MS locations. Intuitively, this minimization
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implies is that one desires HR as close to o as possible and weighted in such a manner as

given by the quadratic form in equation (33). Next, one should to minimize Q(Z) as a

function of Z. The maximizing value Z is then the solution for the MS locations that
maximizes the probability that the observed OTDOAs and RTTs fit the Gaussian noise

model.

[0085] Proceeding from this point by initially selecting a start location Z, for the
locations of the MSs and then applying a gradient based location updatin'g routine that

iteratively seeks to maximize Q(Z), one may provide the following relationship:

V,0(Z)=V,(HR-a) Cpy (HR~a)) =

[0086]
| G.H'Cyy(HR-a)+(R'H' —a")Cp, HG,

(34)

[0087] where G =V R is a matrix of the gradient function on each of the

components of the location vector R (the gradient is strictly defined only on a scalar)
which may be readily derived. The terms in the gradient should be evaluated taking each
column of G separately in equation () as indicated by .. The location may. then be

updated according to:

[0088]  Z,,, =Z,-5(V,0(Z)), (35)

[0089]  where 6 must be selected small enough such that (V, O(Z,)) changes slowly

over can only change slowly over [Z,Z,,,]. Since there is no obvious method to determine

this without solving complicated equations that are not essential to a solution,

experimentation with a range of values of 6 may be needed in practice.

[0090]  Thus, a deterministic solution may be formed. For example, let f represent
the column vector formed by vectorizing all the f;) components above. It is clear then that
e\z;ery one of the components should ideally vanish at the solution. However, in the
practical case may not be achieved due to noise. Hence, considéring the quadratic

function W(f) given by:

[0091]  W(f) = fiunin + Sianis *t Sy (36)
15
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- [0092] one may note that W(f) is a non-negative function. Minimizing ¥(f) as a

func_tion of the location vector Z, one may proceed by initially selecting a start location Z,
for the locations of the MSs and then applying a gradient based location updating routine

that iteratively seeks to minimize W(f). This results in the following relationéhip:

- [0093] VY(f)=V, (f(i,B,l,Z) T f(i,B,l,z) ot fﬁ,M)) . (37)

[0094] Equation (37) 1s no different than assuming that the inner noise covariance
matrix in the Gaussian noise example above 1s an 1dentity. This 1s an unweighted least

squares solution. Thus, i1t follows that
[0095] V,¥Y(/)=G.H'(HR-a)+(R'H'—a')HG, (38)

[0096])  where G has been previously defined and the evaluation should be made
over the variables in Z by evaluating equation (38) column-wise. The location updates

then follow as:

[0097]. L mkaa(VZkQ(Zk))a (39) N

[0098] where 0 is a small scalar constant controlling the magnitude or step size of

the increment in the location vector.

| [0099] In an embodiment where plural OTDOAs are extracted by plural MSs are
available 1n a particular environment, it may be possible' to estimate the BSTOs. For _
example, five BSs and two MSs with OTDOAs available for all combinations, or four BSs
and three MSs with all combinations of OTDOAs offer such a complete solution. Various
combinations of the OTDOAs and RTTs may also provide complete solutions for the MS
Io;:ations. For example, three BSs and two MSs with all OTDOA combinations and RTTs

for each MS provides a full solution. The solution method for these aforementioned

examples have been described above.

[00100] Gaven that a particular set of MS locations has been obtained, the BSTOs
may then be computed. This may be accomplished by computing the exact OTDOA that
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should be observed giVen the derived location and subtracting this out from the observed

OTDOA. For example, if the location of MS “A” has been obtained, then R;, and R,, may
be computed so that the relative BSTO between the first and second BSs may be obtained
by:- '

[00101] A, =A4,-R, +R,,. (40)

[00102] Since a number of MS locations may have been obtained, one would want to

combine all the estimates of A, that may be available for all MSs having OTDOAs with

- respect to the same BS pair. An increased performance may be obtained if one combines

- multiple data sets. In each case estimated MS locations are used to compute the BSTOs.
One may view this as a problem in which the BSTOs are a set of unknown parameters that
Vary slowly and that each data set offers a new opportunity for estimating these BSTOs.
Using such an approach pi‘oduces accurate estimates of the BSTOs as seen in simulations
wﬁere the MSs are randomly mobile in the applicable BTS cellé. In simulations ass.uming
Gaussian noise with a standard deviation of 70m, the BSTOs are generally estimated well
under 50m utilizing approximately 200 data sets. Additionally, the availablility of RTTs
may greatly improve the accuracy of the locations and hence facilitates BSTO estimation

with sigmficantly fewer data sets than are needed in the case where only OTDOAs are

available.

[00103] A challenging problem exists when a network must determine the location of
an MS with a single inter-sitt OTDOA. For example, the MS under consideration posséss
a visibility in terms of received signals to only two BSs. One of these BSs may be the
serving BS and the other BS a visible neiéhboring BS. AdditionalIy, éach BS may have an
associated RTT computed and available via the serving BS. There may, however, be
multiple MSs in the general vicinity or serving areas of the BSs that also share the same
visibility scenario. The determinatidn of the BSTOs when the available data is highly
limited such that under-determined equations exist (e.g., cases where there are more
Vériables than equations) would appear to be without a solution. For example, in a case

having two observable BSs and two MSs, each MS having an OTDOA with respect to the
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pair of BSs and each MS having an associated RTT with respect to the serving BS, one

may provide, considering the observations from MS “A”:
[00104] 4, =A,+R,~R,,+N,, (41)

[00105] where the BSTO represented by A z'is the actual relative time offset of the
first BS with respect to the second BS, R4 1is the distance from the first MS or MS “A” to
the first BS, R,, is the distance from MS “A” to the second BS, Ay, 18 the OTDOA
- observed by MS “A”, and N, 1s the noise in the observation. Letting (x4, y4) be the
Cartesian coordinates of MS “A”, (x;, ¥;) be the coordinates of the first BS and (x5, ¥) be

the coordinates of the second BS, the following relationship may be formed:

[00106] A, =Ap, +f(x, = %)+, — 1)~y = %)+ (V= 3) + Ny, (42)
[00107] and considering the observations from MS “B”,
[00108] B, = Ay, + Ry — Ry + Ny (43)

[00109] where the BSTO represented by A;, 1s the actual relative time offset of the
first BS with respect toithe éecond BS, R;p 1s the distance from the second MS or MS “B”
to the first BS, R,p 1s the distance from MS “B” to the second BS, B;, is the OTDOA
observed by MS “B”, and Ng;; 1s the noise in the observation. Eqﬁation (43) may now be

rewritten as:

[00110] By, = A, ++/(x5 = %) + (V5 = 3,)7 =55 = %,)% + (V5 = ¥,)* + N, (44)

[00111] where (xp, yg) are the coordinates of MS “B”. Considering the RTTs
obtained from the network or from the MS,

[00112] T, =2R, +N,, (45)

[00113] where Ty, 1s the RTT measured by the serving BS, e.g., the first base station

on MS “A” and Ny, is the noise on the measurement. Equation (45) may be rewritten as
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[00114] T, =2\(x,~x,)" + (v, - »,)* +N,,. (46)
[00115] Similarly, for the RTT for MS “B”, one has
[00116] T = 2R, +N,,, (47)

[00117] where Typ is the RTT measured by the serving BS, e.g., the second base
station on MS “B” and N,p 1s the noise on the measurement. Equation (47) may be

rewritten as:

[00118] Ty =24/(x5 = %,)* + (75 = ¥,)* + N, (48)

[00119] One may observe that even in the absence of all the noise terms N,,, we have
the positioné of the MSs and the relative BSTQS between the two BSs as unknowns. In
two dimensions the total unknowns are thus five. However, there are only four non-linear:
equations available. This observation may be generalized to cases with multiple MSs and
multiple BSs where some combination of OTDOAs and RTTs may be available but where,
even in the absence of noise, no exact solution can be obtained since the equations are
undertermined. The methods described here are however applicable in a manner such that

the MS locations can be estimated.

[00120] Through the utilization of an iterative search algorithm such as, but not
limited to, a gradient search algorithm that fits a locus onto the set of undetermined
equations, and with the initial locations of the MSs specified using one of a range of
randomization techniques, any currently available BSTO estimates can be improved on

while additionally solving for the locations of the MSs.

[00121] This two dimensional space wherein the initial location of each MS is placed
may be constrained as the serving cell for each applicable MS as determinédby the
serving BS or may be another cell. Hogzvever, many _other randomly selected locations can
also be used. For example, one may have historical data for the location of a particular
mbbile available 1n a database. Such historical data and associated time-stamps may be

used to define a region in the two dimensional space that is most likely for the mobile at
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the current time. This then provides an additional probabilistic constraint on the 1nitial and
final locations of the mobile. Another example applicable to the selection of such regions
may be the availability of various mobile parameters such as power measurements which

may define an applicable region for the start and end locations in two dimensions.

[00122] In addition, if any of the MSs whose positions are curréntly desired has been
located with high confidence in the recent past, such information may be used to define the
start and final valid regions (wifh an assigned probability distribution) to be used for the
mobile. Indirectly then, this produces a further set of equations that adds to the original

underdetermined equations, albeit in a probabilistic manner.

[00123] With reference to the example of two MSs with 2 BSs, OTDOAs and RTTs,
.the iterative search al gorifhm may apply a finite and/or fixed number of iterative steps. At
the end of this iterative process two MS locations may be produced. While these two MS
loéations may be inaccurate, the locations exist on loci that solve the under-determined set
of equations. If the locations are outside the applicable regions, however, they may not be
utilized in further processing. If the locations are inside the applicable cells, they may be
utilized to generate an estimate of the relative BSTOs. Viewed mathematically, the
primary function of the gradient search algorithm (or other algorithm) is to mitigate the
effect of noise in the measurements of the OTDOAs and RTTs. Further if the originally
set locations are obtained with a certain probability distribution, the resulting BSTO
estimates also possess a certain probability distribution. The latter distributions may then
be used in updating the current best estimate of any of the BSTOs. The current best

estimate of the BSTO may then be fed into the determination of the current estimated

location of any of the mobiles.

[00124] On examining the equations for the 2BS, 2MS case above, it may be
observed that there are four available equations and five variables. If one had yet more
MSS, one would have one more variable than the number of available non-linear
equations, so that the set of equations remains under-determined, as for example with k

MSs having simultaneous observations of the 2 BSs, would result in 2k non-linear

equations but 2k+1 unknowns. The randomized or probabilistically selected regions for
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initial location and the final location of each MS derived from the search algorithm
provide the needed tools to generate an update to both the current best BSTO estimate and
thereby also the MS location estimates. The search algorithm thus finds loci in the two
dimensional space where the under-determined equations are satisfied while also

| satisfying the region constraints; a sequence of such solutions is capable of continuous
refinement in the BSTO estimates, and this may then be applied to better MS location

estimates.

[00125] The sets of OTDOA and/or RTT data provided as imnputs to the above
calculations may also be limited in time to a window where the BSTOs do not drift
appreciably. For example, a sliding window of data sets, indexed over time, may provide
one method of using valid data for this purpose, however, it is envisioned that other similar
methods may be employed with embodiments of the present subject matter and such an
example 1s not intended to limit the scope of the claims appended herewith. The BSTO
estimates may be provided to an averaging filter such as, but not limited to, a
randomization smoothing filter that averages a large set of estimates resulting in an
accurate estimate of the exact BSTOs. This estimation may be made accurate by ensuring
that the RTTs form a set representative of randomized points within the appropriate cells.
For example, the estimate may be considered valid if for each MS, the RTT values over
the observed sets possess a uniform probability density over approximately the full cell
radius. Thus, the filter maintains a set of estimates for MSs such that the RTTs are
uniformly distributed (or with some other fixed distribution) over the applicable region.

This may be achieved since the RTT values for each MS in each data set are known, as are

the Cell-ID and the cell géometry.

[00126] Thus, the randbmized selection process and the limited iterative equations
may generate BSTO estimates that are accurate even thou gh 1n each set of data no solution
for either the BSTOs or the actual MS locations 1s possible. This occurs as a mathematical
property of the random distribution used to define the start locations in the iterative
equations and the deterministic selection of data that satisfies the randomized RTT

criterion. Even though these equations cannot be solved explicitly for each variable, an
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~ iterative set of equations may be generated that places the MSs on loci satisfying the
existing equations. These iterative equations start with a randomly selected initial location
picked with some fixed distribuﬁon, and then a solution may be iteratively determined
upon the valid loci. By fixing the number of iterations, an actual solution may be
obtained. For example, while the estimated locations of the MSs are inéccurate, 1.e., the
locations exist on valid loci but not on an exact point, the estimated locations may be
utilized to produce- estimates of the relative BSTOs. Thus, if data is obtained for a
different pair of MSs at the same or approximately equal time, these MSs may be provided

on loci that satisfy the equations and produce estimates of the relative BSTOs.

[00127] As more MSs are drawn 1nto the 1iterative equatiohs and subjected to
sufficient randomization of their actual (but unknown) locations, further estimates of the
relative BSTOs may be ascertained. This data may be from the same pair of MSs or some
other MSs served by the same BSs.  Of course, the data may be provided within a time
window ensuring non-significant BSTO drift. Statistically, the BSTO estimates may be
distributed with a mean that converges to the correct value; thus, the extraction of this
statistical mean may provide a final BSTO éstimate. This method may be applied in any
case where the BSTOs need to be estimated and where the available data represents an
under-determined set of equations, e.g., in a case having three BSs and two MSs where

only OTDOA information is available.

[00128] The aforementioned technique may be applied to a plurality of under-
determined equations. For example, in a case having two BSs and one-hundred MSs
where all MSs have-an RTT with respect to one or the other BS and an OTDOA with
respect to the BS pair, one may apply the data as fifty sets of two BS/two MS data or a
siﬁgle set of two BS/one-hundred MS data. In either instance, there exist under-
determined equations. The former example provides the capability to apply randomized
averaging whereas the latter example produces a single solution without randomization.
Additionally, randomization may be added in either example by running the same data
through the search algorithm with different randomized start locations for the MS

positions. In each case randomization may be taken to mean any form of circumscribing
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the regions of valid initial and final locations for each MS, using means such as the
expected probability of location in a region, serving cell or sector, past history data for the

location of a particular mobile etc.

[00129] The following example taken in one dimension illustrates the mathematical
underpinnings of the under-determined method. Assuming that the MSs are constrained to
lie on a straight line between the BSs, a single MS makes an OTDOA measurement with
respect to the two BSs. Let the locations of the BSs be at x; and x; and the actual location

-of the MS at x4, the following relationship may be written:
[00130] 4, =A, +(x, —x)—(x, —x,)+ Ny, (49)

[00131] where A4;;,1s the OTDOA and N;, 1s the noise on the observation. This1s a
single equation in the two variables A, (the actual relative BSTO) and x,. Given the |
OTDOA A4;,, any point on the line between the BSs satisfies the equation (unlike 1n higher
dimensions where only specific loci are applicable). Thus, one may place the location of
the MS anYwhere on the connecting line. Placing the location randOrrxly at x , with a

uniform distribution, the corresponding estimate of the BTSO may be provided as:

A, =4, “(x:d - x,)+ (x, "“x;i)‘m

[00132) . (50)

Ay +(x,—x)—(x, ""’xA)““‘“(x;; - x,) +(x, “x;i)"'Nxz

[00133] If multiple observations are made and in each case the estimated location 1s
taken randomly from the uniform distribution and if on these observations the actual MS
locations are also uniformly random on the connecting line segment, one may provide the

following relationship:
[00134] E[A,]=A,, +2E[x,]-2E[x,]+E[N,,]. (51

[00135]  If the random distributions of location selections and actual location are the
same, and 1f the noise 1s zero provides that all terms other than the first on the right hand
- side of the equation sum to zero. Thus, the average of the estimates is exactly the correct

BSTO Aj,. In higher dimensions such as in the 2BS, 2MS, two dimensional case, only
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particular loci will satisfy the equatidns. Thus the parallel is that the search algorithm
rahdomly picks points on valid loci that have to be computed for each data set. Similarly,
the actual locations of the MSs are random within the cells. Thus, the same basic
principles may be observed in the higher dimensional cases similar to that mathematically

shown 1n the one dimensional case.

[00136] Figure 3 is an algorithm according to one embodiment of the present subject
matter. With reference to Figure 3, in step 310, a mobile station (“MS”) determines an
observed time difference of arrival (“OTDOA”) value between a first signal received from
a first base station (“BS”) and a second signal received from a second BS. An exemplary
MS may include a cellular telephone, text messaging device, computer, portable coinputer,
vehicle locating device, vehicle security device, communication device, or wireless
transceiver. While the present algorithm may be implemented in a system having
unsynchronized BSs, the algorithm may also be implemented in a system having
synchronized BSs. In step 320, a round trip time (“RTT”) value may be determined
between the MS and the first BS. An initial location may be selected for the MS that 1s
withiﬁ a first predetermined area as repreSeﬁted by step 330. In steps 340-350 an estimate
of the BSTO may be obtained using the selected initial location, the OTDOA and RTT
values, and an iterative search algorithin. If a best estimate for the BSTO exists, this new
estimate may be used to update the best estimate in step 360. If not, the new estimate
deﬁnes the current best' estimate. This BSTO estimate is then used to solve for the MS
location and, in step 370, an estimated location for the MS is generated. While the first
predetermined area may be coextensive witﬁ an area served by the first BS, such an
example should not limit the scope of the claims appended herewith. For example, the
first predetermined area may be or include an area or region service by a nei ghb oring BS.
Alternatively the first predetermined area may be a region within which the MS has some
prior known probability distribution or even a point on some locus where the MS has been
observed (as gleaned from an available mobile location database). The iterative search
algorithm in step 340 may conduct any number or a predetermined number of steps. An
exemplary algorithm may be, but is not limited to, a gradient search algorithm. In sfep

3770, the estimated location may be stored if the estimated location is within a second
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predetermined area. The first predetermined area may be the same as the second
predetermined area, and may be coextensive with an area served by the first BS. The
second pre-determined area may also be any other region, defined probabilistically or
otherwise, though in most practical cases 1t will coincide with the first pre-determined
area. As represented by step 380, the aforementioned steps, e.g., steps 310 through 370
may be repeated within a predetermined time interval or may be repeated as a function of
another metric such as, but not limited to, a fixed number of repetitions, etc. In a further
embodiment of the present subject matter, the predetermined time interval may be a
function of a base station time offset (“BSTO”) drift value for a BSTO between the first
and second BSs. A final location of the MS may be determined in step 390 using some

best estimate from the set of stored MS locations.

[00137] In an alternative embodiment, for each repetition of selecting an initial
location of the MS (step 330), the initial location may be selected at random within the
first predetermined area. A calculated location may then be determined for the MS from
the stored estimated locations 1n step 390. Of course, any number of stored estimated
locations may be utilized to produce the calculated location. Further, the calculated
location may be determined as an average of the stored estimated locations and may be
determined using a measure of central tendency. Further embodiments of the present '

- subject matter may determine the calculated location usihg a known mathematical process
such as, but not limited to, average, weighted average, median, mode, midrange, and

mean.

[00138] Figure 4 1s an algorithm according to another embodiment of the present
subject matter. With reference to Figure 4, in step 410, an OTDOA value is determined at
‘a MS between a first signal received from a first BS and a second signal received from a
second BS. An exemplary MS may include a cellular telephone, text messaging device,
computer, portable computer, vehicle locating device, vehicle security device,
communication device, or wireless transceiver. The first and second BSs may be
unsynchronized or may be synchronized. In addition, the first and second BSs may be in

- close proximity to the MS or may be located a considerable distance therefrom. An initial
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location for the MS may be selected that 1s within a first predetermined area in step 420.
A search algorithm may then be applied to fit an applicable locus as shown 1n step 430,
using the selected initial location and the OTDOA value. In step 440 the result of this
search algorithm generates a BSTO estimate. If the location determining entity has a
running best estimate of this particular BSTO, the most recent estimate 1s used to update
the best estimate in an optimal manner (step 450). If there is no running best estimate, the
current determined estimate may be used as the best estimate. This best estimate of the
BSTO may now be used to determine a location for the MS. This location is stored if it
falls in a second predetermined area (step 460) While the first predetermined area may be
coextensive with an area served by the first BS, such an example should not limit the
scope of the claims appended herewith. For example, the first predetermined area may be
or include an area or region served by a neighboring BS. The iterative search algorithm
-mé.y conduct any number or a predetermined number of steps. An exemplary algorithm
may be, but is not limited to, a gradient search algorithm. In step 460, the estimated
location may be stored if the estimated locétion is within a second predetermined area.
The first predetermined area may be the salﬁe as the second predetermined area, and may .
be coextensive with an area served by the first BS. As represented by step 470, the
afbrementioned steps, e.g., steps 410 through 460 may be repeated within a predetermined
time interval or may be repeated as a function of another metric such as a predetermined
number of repetitions, etc. In a further ehlb odiment of the present subject matter, the

predetermined time interval may be a function of a BSTO drift value for a BSTO between
the first and second BSs.

[00139] In an alternative embodiment, for each repetition of selecting an 1nitial
location of the MS (step 420), the initial location may be selected at random within the
first predetermined area. In step 480, a calculated location for the MS may be determined
from the stored estimated locations. Of course, any number of stored estimated locations
méy be utilized to produce the calculated location. Further, the calculated location may be
determined as an average of the stored estimated locations and may be determined using a

measure of central tendency. Further embodiments of the present subject matter may
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determine the calculated location using a known mathematical process such as, but not

limited to, average, weighted average, median, mode, midrange, and mean.

[00140] Figure 5 is an algorithm according to a further embodiment of the present
subj eét matter. With reference to Figure 5, in step 510, a first observed time difference of
arrival (“OTDOA1”) value is determined at a first MS between a first signal received from
a first BS and a second signal received from a second BS. An exemplary MS may include
a cellular telephone, text messaging device, computer, portable computei', vehicle locating
device, vehicle security device, communication device, or wireless transceiver. The first
and second BSs may be unsynchronized or may be synchronized. As represented by step
520, a second obsérved time difference of arrival (“OTDOA2”) value may be determined
at a second MS between a third signal received from the first BS and a fourth signal
received from the second BS. A first round trip time (“RTT1”) value may be determined
between the first MS and the first BS, and a second round trip time (“RTT2”) value may
be determined between the second MS and the second BS, as represented by steps 530 and
540, respectively. In step 550, a first iitial location may be selected for the first MS that
1S ‘within a first predetermined area and a second initial location for the second MS may be
selected that is within a second predetermined area. A search algorithm may then be .
applied to fit applicable loci for the position of the first and second MSs as shown in step
560, using the selected 1nitial locations, the OTDOAL value, the OTDOA2 value, the
RTT1 value, and the RTT2 value. In step 570 the result of this search algorithm generates
a BSTO estimate. This BSTO estimate may be used to update a running best estimate
(step 580) of the BSTO that 1s maintained at the location determining entity. If no
previous best estimate exists, the current estimate 1s also the best running estimate. While
the first predetermined area may be coextensive with an area served by the first BS, such
an example should not limit the scope of the claims appended herewith. For example, the
first predetermined area may be or include an area or region served by a nei ghborin g BS.
While the second predetermined area may be coextensive with an area served by the
second BS, such an example should not limit the scope of the claims appended herewith.
For example, the second predetermined area may be or include an area or region served by

a neighboring BS. The iterative search algorithm may conduct any number or a
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predetermined number of steps. An exemplary algorithm may be, but is not limited to, a
gradient search algorithm. As represented by step 590, the currently available best
estimates for the BSTOs, the OTDOA values and the RTT values are used to compute the
MS locations. In step 591, the first estimatéd location may be stored if the first estimated
location is within a third predetermined area, and the second estimated location may also
be stored if the second estimated location 1s within a fourth predetermined area. The first
predetermined area may be the same as the third predetermined area, and the second
predetermined area may be the same as the fourth predetermined area. As represented by
step 592, the aforementioned steps, e.g., steps 510 through 591. may be repeated within a
pfedetermined time interval or may be repeated as a function of another metric such as a

- fixed number of repetitions, etc. In a further embodiment of the present subject matter,
the predetermined time interval may be a function of a BSTO drift value for a BSTO
between the first and second BSs.

-[00141] In an alternative embodiment, for each repetition of selecting an initial.
location of the first MS (step 550), the initial location may be selected at random within
the first predetermined area. In another emb odiment, for each repetition of selecting an
initial location of the second MS (step 550), the initial location may be selected at random
within the second predetermined area. In step 593, a first calculated location for the first
MS and a second calculated location for the second MS may be determined from the
stored estimated locations. Of course, any number of stored estimated locations may be
utilized to produce the calculated locatiohs. Further, the first and/or second calculated
locations may be determined as an average of the stored first and/or second estimated
locations, respectively, and may be determined ﬁsing a measure of central tendency.
Further embodiments of the present subject matter may determine the first and/or second
calculated locations using a known mathematical process such as, but not limited to,
average, weighted average, median, mode, midrange, and mean. In addition, the stored
locations may be probabilistically weighted based on the probabilities of the initial -
locations used 1n each repetition of the sequence of steps. In this latter approach, a priori

information, as detailed earlier, on each MS that limits its possible region of location may'

be used to generate such probabilities.
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[00142] Figure 6 1s an algorithm according to an additional embodiment of the
present subject matter. With reference to Figure 6, an OTDOAL1 value 1s determined at a
first MS between a first signal received from a first BS and a second signal received from
a second BS 1n step 610. An exemplary MS may include a cellular telephone, text
messaging device, computer, portable computer, vehicle locating device, vehicle security
device, communication device, or wireless transceiver. The ﬁrsf and second BSs may be
unsynchronized or may be synchronized. As represented by step 620, an OTDOAZ2 value
may be determined at a second MS between a third signal received from the first BS and a
fourth signal received from the secorid BS. In step 630, a first initial location may be
selected for the first MS that is within a first predetermined area, and also a second initial
location for the second MS may be selected that 1s within a second predetermined area. A
search algorithm 1s then applied to fit applicable loci for the position of the MS as shown
n-step 640, using the selecte.d initial locations, the OTDOA1 value and the OTDOA2
value. In step 650 the result of this search algorithm generates a BSTO estimate. This
BSTO estimate may be used to update a running best estimate (step 660) of the BSTO that
1s maintained at the location determining entity. If no previous best estimate exists, the
current estimate may also be the best running estimate. A first estimated location for the
first MS and a second estimated location for the second MS may then be determined using
“the selected initial locations, the OTDOA1 value, the OTDOA2 value, and the running
best estimate of the BSTO derived in step 660. While the first predetermined area may be
coextensive with an area served by the first BS, such an example should not limit the
scbpe of the claims appended herewith. For example, the first predetermined area may be
or include an area or region served by a neighboring BS. While the second predetermined
area may be coextensive with an area served by the second BS, such an example should
not limit the scope of the claims appended herewith. For example, the second
predetermined area may be or include an area or region served by a neighboring BS. The
iterative search algorithm may conduct any number or a predetermined number of steps.
An exemplary algorithm may be, but is not limited to, a gradient search algorithm. In step
680, the first estimated location may be stored if the first estimated location is within a

third predetermined area, and also the second estimated location may be stored if the
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second estimated location is within a fourth predetermined area. The first predetermined
area may be the same as the third pi‘edetermined area, and the second predetermined area
may be the same as the fourth predetermined areca. As represented by step 690, the
aforementioned steps, e.g., steps 610 through 680 may be repeated within a predetermined
“time interval or may be repeated as a function of another metric such as a fixed number of
repetitions, etc. Ina further embodiment of the present subject matter, the predetermined

time interval may be a function of a BSTO drift value for a BSTO between the first and

second BSs.

[00143] In an alternative embodiment, for each repetition of selecting an initial
location of the first MS (step 630), the initial location may be selected at random within
the first predetermined area. In another embodiment, for each repetition of selecting an
mitial location of the second MS (step 630), the initial location may be selected at random
within the second predetermined area. In step 691, a first calculated location for the first
~ mobile and a second calculated location for the second MS may be determined from the
stored estimated locations. Of course, any number of s_toi‘ed estimated locations may be
utilized to produce the calculated locations. Further, the first and/or second calculated
locations may be determined as an average of the stored first and/or second estimated
locations, respectively, and may be determined using a measure of central tendency.
Further embodiments of the present subject matter may determine the first and/or second
calculated locations using a known mathematical process such as, but not limited to,
average, weighted average, median, mode, midrange, and mean. In addition, the stored
locations may be probabilistically weighted based on the probabilities of the initial
locations used in each repetition of the sequence of steps. In this latter approach, a priori
information, as detailed earlier, on each MS that limits its possible region of location may

be used to generate such probabilites.

[00144]  Figure 7 is an algorithm according to a further embodiment of the present
Subj ect matter. With reference to Figure 7, in step 710, a set of OTDOA values may be
determined at a number of MSs between signals received from pairs of BSs within a

wireless network. An exemplary MS may include a cellular telephone, text messaging
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device, computer, portable computer, vehicle locating device, vehicle security device,
communication device, or wireless transceiver. These BSs may be unsynchronized or may
even be synchronized. Some of these MSs may have also obtained OTDOAs with respect
to multiple pairs of BSs whereas other MSs may possess only one such OTDOA with
respect to specific pair of BSs. In step 720, the MSs may obtain, where possible and or
available, RTTs with respect to a subset of these BSs. In step 730, initial locations may be
selected for each of the MSs so that they are within certain predetermined areas. These
areas or regions may be selected by a variety of means including past history of MS
locations, serving cell or sector, other mobile measurements obtained by the wireless
nétwork including but not limited to mobile power measurements reported, etc. A search
algorithm may then be applied to fit applicable loci for the position of the MSs as shown in
step 740, using the selected initial locations, the OTDOA values and the RTT values. In

- step 750 the result of this search algorithm may generate a set of BSTO estimate for all
BSs that are relevant and applicable to the obtéined measurements. These BSTO estimates
are used td update a running best estimate (step 760) of the BSTOs that are maintained at
the location determining entity. If no previous best estimate exists for any of the BSTOs,
the current estimate may then also be the best running estimate for that particular BSTO.
The iterative search al gorithm may conduct any number or a predetermined number of
steps. An exemplary algorithm may be, but'is not limited to, a gradient search algorithm.
In step 770, the currently available best estimates for the BSTOs, the OTDOA values and
the RTT values are used to compute the MS locations. Also in step 770, the estimated
locations may be stored if these estimated locations are within predetermined regions
which may be identical to or different from the first set of regions used to define the initial
locations. As represented by step 780, the aforementioned steps, e.g. , steps 710 through
770 may be repeated within a predetermined time interval or may be repeated as a function
of another metric such as a fixed number of ref)etitions, etc. In a further embodiment of

the present subject matter, the predetermined time interval may be a function of a BSTO

drift value for a BSTO between the relevant pair of BSs.

[00145] In an alternative embodiment, for each repetition of selecting an initial

location MSs (step 730), the initial location may be selected at random within the first
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predetermined area. In step 790, a final calculated location for each of the MSs may be
determined from the stored estimated locations. Of course, any number of stored
estimated locations may be utilized to produce the calculated locations. Further,
calculated locations may be determined as an average of the stored estimated locations, .
respectively, and niay be determined using a measure of central tendency. Embodiments
of the present subject matter may also determine the calculated locations using a known
mathematical process such as, but not limited to, average, weighted average, median,
mode, midrange, and mean. In addition, the stored locations may be probabilistically
weighted based on the probabilities of the initial locations used in each repetition of the
sequence of steps. In this latter approach, a priori information, as detailed earlier, on each

MS that limits 1ts possible region of location may be used to generate such probabilities.

-100146] It 1s thus an aspect of the present subject matter to eliminate the need for
hardware location measurement units to be installed at BSs by solving for the BSTOs
utilizing existing handset and network measurements. This makes utilizing handset
OTDOASs and/or RTTs practical for MS location where a direct determination of the MS

location is not possible due to under-determined equations.

. [00147] It 1s also an aspect of the present subj'ect matter to determine the location of
MSs where the number of BSs and MSs present a data set of OTDOAs and RTTs such that
the equations are fully determined. For example, if there exists three BSs and two MSs
having all possible OTDOAs and an RTT for each MS with respect to its serving BS, the

equations are sufficient for a solution. Thus, with a single data set it is possible to estimate

the BSTOS and also determine the location of the MSs.

[00148] It is an additional aspect of the present subject matter to improve BSTO
estimates by applying the randomization technique described above for the under-
determined case. Additionally, through averaging BSTO estimates with randomized RTT

values, the corresponding MS location estimate may also be improved.
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. [00149] As shown by the various configurations and embodiments illustrated in

Figures 1-7, a system and method for estimating the location of a mobile device have been
~ described.

[00150] While preferred embodiments of the present subject matter have been
dejscribed, it is to be understood that the embodiments described are 1llustrative only and
that the scope of the invention is to be defined solely by the appended claims when ‘

accorded a full range of equivalence, many variations and modifications naturally

occurring to those of skill in the art from a perusal hereof.
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What we claim 1s:

1. A method for estimating the location of a first mobile station from a plurality

of mobile stations that receive signals from a plurality of base stations, comprising:

() determining observed time difference of arrival ("OTDOA") values at said
first mobile station and at a second mobile station between a first signal received from a first

base station and a second signal received from a second base station;

(b) determining a round trip time ("RTT") value between said first and second mobile

stations and said first base station;

(C) selecting initial locations for said first and second mobile stations that are within a
first and second predetermined area, respectively;

(d) determining an estimated base station time offset ("BSTO") using the selected
initial location, the OTDOA and RTT values, and an iterative search algorithm wherein the
iterative search algorithm iterates a predetermined number of steps;

(e) determining an estimated location for said first mobile station jointly with the

BSTO;

() storing said estimated location if the estimated location is within a third

predetermined area;
(g) repeating (a) through (f) within a predetermined time interval; and

(h) determining a calculated location for said first mobile station from the stored

estimated locations.
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2. The method of Claim | wherein determining an estimated BSTO further
COmMprises:
(1) determining a best estimate for the BSTO and updating said estimated BSTO

with said best estimate:

(11) 1f no best estimate exists, then setting said estimated BSTO as the best

estimate.

3. The method of Claim 1 wherein said first and second base stations are not
synchronized.

4, The method of Claim 1 wherein for each repetition of (c) the initial location is

selected at random within said first predetermined area.

. The method of Claim 1 wherein said first predetermined area is coextensive
with an area served by said first base station.

0. The method of Claim 1 wherein said first predetermined area and said third

predetermined area are the same.

7. The method of Claim 1 wherein said iterative search algorithm is a gradient
search algorithm.

8. The method of Claim 1 wherein said predetermined time interval 1s a function

of a base station time offset drift value for a base station time offset between said first and
second base stations.

9. The method of Claim 1 wherein (a) through (f) are repeated a predetermined
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number of times rather than over a predetermined time interval.
10. The method of Claim 1 wherein said calculated location 1s determined as an

average of said stored estimated locations.

11.  The method of Claim 1 wherein said calculated location is determined using a
measure of central tendency.

12.  The method of Claim 1 wherein said calculated location is determined using a
mathematical process selected from the group consisting of: average, weighted average,
median, mode, midrange, and mean.

13.  The method of Claim 1 wherein said mobile station is selected from the group
consisting of: cellular telephone, text messaging device, computer, portable computer,
vehicle locating device, vehicle security device, communication device, and wireless
transceiver.

14. A method for estimating the location of a first mobile station and a second
mobile station where each mobile station receives signals from the same plurality of base
stations, comprising:

(a) determining a first observed time difference of arrival ("OTDOAI ")value at
said first mobile station between a first signal received from a first base station and a second

signal received from a second base station;
(b) determining a second observed time difference of arrival ("OTDOA?2") value

at said second mobile station between a third signal received from said first base station and a
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fourth signal received from said second base station;

(¢) determining a first round trip time ("RTTI1") value between said first mobile
station and said first base station;

(d) determining a second round trip time ("RTT2") value between said second
mobile station and said second base station;

(e) selecting a first initial location for said first mobile station that 1s within a first
predetermined area;

(f) selecting a second initial location for said second mobile station that 1s within a
second predetermined area;

(g) determining an estimated base station time offset ("BSTO") using the selected
initial locations, the OTDOALI value, the OTDOA?2 value, the RTTI value, the RTT2 value,
and an 1terative search algorithm wherein the iterative search algorithm 1terates a
predetermined number of steps;

(h)  determining a first estimated location for said first mobile station and a second
estimated location for said second mobile station jointly with the BSTO;

(1) storing the first estimated location if said first estimated location 1s within a
third predetermined area;

() storing the second estimated location if said second estimated location 1s
within a fourth predetermined area;

(k)  repeating (a) through G) within a predetermined time interval; and
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(D determining a first calculated location for said first mobile station and a second
calculated location for said second mobile station from the stored estimated locations.

15. The method of Claim 14 wherein determining an estimated BSTO further
COMprises:

(1) determining a best estimate for the BSTO and updating said estimated BSTO

with said best estimate;

(i)  if no best estimate exists, then setting said estimated BSTO as the best

estimate.

16. The method of Claim 14 wherein said first and second base stations are not
synchronized.

17.  The method of Claim 14 wherein for each repetition of (¢) the initial location
of said first mobile station is selected at random within said first predetermined area.

18.  The method of Claim 14 wherein for each repetition of (f) the initial location
of said second mobile station is selected at random within said second predetermined area.

19. The method of Claim 14 wherein said first predetermined area is coextensive
with an area served by said first base station.

20. The method of Claim 14 wherein said second predetermined area 1s
coextensive with an area served by said second base station.

21. The method of Claim 14 wherein said first predetermined area and said third

predetermined area are the same.
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22.  The method of Claim 14 wherein said second predetermined area and said

fourth predetermined area are the same.

23.  The method of Claim 14 wherein said iterative search algorithm is a gradient
search algorithm.

24.  The method of Claim 14 wherein said predetermined time interval is a
function of a base station time offset drift value for a base station time offset between said

first and second base stations.

25.  The method of Claim 14 wherein (a) through (j) are repeated a predetermined

number of times rather than over a predetermined time interval.

26.  The method of Claim 14 wherein at least one of said first calculated location
1s determined as an average of said stored first estimated locations.

27.  The method of Claim 14 wherein said second calculated location 1s
determined as an average of said stored second estimated locations.

28. The method of Claim 14 wherein at least one of said first calculated location
and said second calculated location is determined using a measure of central tendency.

29.  The method of Claim 14 wherein at least one of said first calculated location
and said second calculated location is determined using a mathematical process selected

from the group consisting of: average, weighted average, median, mode, midrange, and
mean.

30. The method of Claim 27 wherein at least one of said first mobile station and

39



CA 02685411 2013-07-08

said second mobile station is selected from the group consisting of: cellular telephone, text
messaging device, computer, portable computer, vehicle locating device, vehicle security
device, communication device, and wireless transceiver.

31. A method for estimating the location of a first mobile station and a second
mobile station where each mobile station receives signals from the same plurality of base
stations, comprising:-

(a) determining a first observed time difference of arrival ("OTDOAI ") value at
said first mobile station between a first signal received from a first base station and a second
signal received from a second base station;

(b) determining a second observed time difference of arrival ("OTDOAZ2") value
at said second mobile station between a third signal received from said first base station and a
fourth signal received from said second base station;

(C) selecting a first initial location for said first mobile station that 1s within a first
predetermined area;

(d) selecting a second initial location for said second mobile station that 1s within a
second predetermined area;

(e) determining an estimated base station time offset ("BSTO") using the selected
initial locations, the OTDOAI value, the OTDOA2 value, and an iterative search algorithm

wherein the iterative search algorithm iterates a predetermined number of steps;

(1) determining a first estimated location for said first mobile station and a second
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estimated location for said second mobile station jointly with the BSTO;

(2) storing the first estimated location if said first estimated location is within a

third predetermined area;

(h) storing the second estimated location if said second estimated location is
within a fourth predetermined area;

(1) repeating (a) through (h) within a predetermined time interval; and

() determining a first calculated location for said first mobile station and a second
calculated location for said second mobile station from the stored estimated locations.

32.  The method of Claim 31 wherein determining an estimated BSTO further
COMPrISES:

(1) determining a best estimate for the BSTO and updating said estimated BSTO

with said best estimate;

(11) 1f no best estimate exists, then setting said estimated BSTO as the best

estimate.

33. The method of Claim 31 wherein said first and second base stations are not

synchronized.
34. The method of Claim 31 wherein for each repetition of (c) the initial location

of said first mobile station is selected at random within said first predetermined area.
35.  The method of Claim 31 wherein for each repetition of (d) the initial location

of said second mobile station is selected at random within said second predetermined area.
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36.  The method of Claim 31 wherein said first predetermined area 1s coextensive

with an area served by said first base station.

37.  The method of Claim 31 wherein said second predetermined area is

coextensive with an area served by said second base station.

38.  The method of Claim 31 wherein said first predetermined area and said third

predetermined area are the same.

39.  The method of Claim 31 wherein said second predetermined area and said

fourth predetermined area are the same.

40.  The method of Claim 31 wherein said iterative search algorithm 1s a gradient
search algorithm.

41.  The method of Claim 31 wherein said predetermined time interval 1s a
function of a base station time offset drift value for a base station time offset between said
first and second base stations.

42 . The method of Claim 31 wherein (a) through (h) are repeated a predetermined
number of times rather than over a predetermined time interval.

43. The method of Claim 31 wherein at least one of said first calculated location
is determined as an average of said stored first estimated locations.

44.  The method of Claim 31 wherein said second calculated location 1s
determined as an average of said stored second estimated locations.

45. The method of Claim 31 wherein at least one of said first calculated location
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and said second calculated location 1s determined using a measure Qf central tendency.

46.  The method of Claim 31 wherein at least one of said first calculated location
and said second calculated location is determined using a mathematical process selected
from the group consisting of: average, weighted average, median, mode, midrange, and
mean.

47. The method of Claim 31 wherein at least one of said first mobile station and
said second mobile station 1s selected from the group consisting of: cellular telephone, text
messaging device, computer, portable computer, vehicle locating device, vehicle security

device, communication device, and wireless transceiver.
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