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SPARSED U-TDOA WIRELESS LOCATION NETWORKS

CROSS REFERENCE

[0001] The present application claims priority to U.S. Application No. 11/736,868,
filed April 18, 2007, entitled “Sparsed U-TDOA Wireless Location Networks,” which is hereby
incorporated hy reference in its entirety.

{6002] The subject matler described herein selates to the subject matter deseribed in the
following co-pending applications: U.S. Patent Application No. 11/736,902, filed April 18, 2007
(attorney docket TPI-0849), entitled “Sparsed U-TDOA Wircless Location Networks™; 11.8.
Patent Application No. 11/736.,920, filed April 18, 2007 (attorney docket TPI-0850), entitled
“Sparsed U-TDOA Wireless Location Netwarks™; and T7.8. Patent Application No. 11/736,950,
filed April 18, 2007 (altomney docket TP1-0851), entitled “Sparsed U-TDOA Wircless Location

Networks™.

TECHNICAL FIELD

[0003] The present invention relatcs generally to methods and apparatns for locating
wircless devices, also called mobile stations (M8), such as those used in analog or digital cellular
systems, personal communications systems (PCS), crhanced speeiaiized mobile radios (ESMRs),
and other types of wireless communications systems. More particularty, but not exclusively, the
present invention relates to methods for reducing the receiver deployment density of a Wireless

Location System {WLS) and thereby reducing the overall cost of such a deployment.

BACKGROUND

A. Wireless Location

3027716_1.00C -1 -
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[0004] Early work relating to Wircless Location Systems is described in U 8. Patent
No. 5,327,144, July 5, 1994, “Cellular Telephone Location System,” which discloscs a system
for locating cellular telephones using time difference of arrival (TDOA) techniques. This and
other cxemplary patents (discussed below) are assigned to TruePosition, Inc., the assignee of the
present invention. The 144 patent describes what may be referred to as an uplink-time-
difference-of-arrival (U-TDOA) ccllular tefephone Jocation system. The describod system may
be configured to monitor control channe! transmissioms from one or more cellular telephones und
10 use central or station-based processing to compule the geographic location(s) of the phone(s).
TruePosition and others have continued (o develop significant enhancements 1o the original
inventive concepts. An example of a U-TDOA WIS is depicted in Figure 1. As shown, the
system includes four major subsystems: the Signal Coliection Systems (SC§°5) 10, the TDOA
Location Processors {TLP's) 12, the Application Processors (AF’s) 14, and the Network
Operations Console (NOC) 16. Each SCS is responsible for receiving (he RF signals iransmitied
by the wircless transmitters on both control channels und voice channels. In general, an SCS
{now sometimes called an LMU, or Location Measuring Unif) is preferably installed at a wireless
carrier’s cell site, and therefore operates ‘n parallel to a base station. Each TLP 12 is responsible
for managing a network of SCS’s 10 and for providing a centralized pool of digital signal
processing {DSP) resources that can be used in the location ealculations. The SCS’s 10 and the
TLP’s 12 operate together to determine the location of the wireless transmitters. Both the SCS™s
19 and 'T'LI*s 12 contain a significant amount of DSP resources, and the software in these
systems can operate dynamicaily to determine where to perform a particular processing function
based upon tradeoffs in processing time, communications time, qucuing time, and cost. In
addition, the WLS may include a plurality of SCS regons cach of which comprises multiple
SCS's 10, For example, “SCS Region 1™ includes SCS’s 10A and 1013 that are located a1
respective cell sites and share antennas with the base stations at those cell sites. Drop and insert
units 11A and 118 are used 1o interface fractional TL/E1 Iines to full T'1/E1 lines, which in turn
are coupled to a digital access and contra? syslem (NMACS) [3A, The DACS 13A and another
DACS 138 are used for communications betwaen the SCS’s 104, 10B, cte., and multiple TLP’s
124, 12B, etc. As shown, the TLP’s are typically collocated and interconnected via an Ethernet
network (backbone) and a second, reduncant Fithernet network. Also coupled to the Ethemet
networks are multiple AP’s 14A and 4B, multiple NOC’s 16A and 16B, and a terminal server
15. Routers 19A and 19B are used to couple one WLS to one or more other Wireless Location
System(s).

[#005] Figure 1A depicts the compor.cnts representative of a standard wireless

communications system (WCS) 100, which may take the form of a cellular telephone network or
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the like. Although the technology represented in Figure 1A is cxpressed with some of the
terminology typical of a Global Systemn for Mobile Communications (GSM) infrastructure, the
technology is also compatably applicable t and beneficial for implementations of celtular
wireless communications in accord with other standards, such as the Third Generation
Partnership Projeet (3GPP) technical specifications describing the Universal Mobile
Telecommunications Service (UMTS). Tn Figure 14, the wircless mobile communications unit
or mobile station (MS) 101 commuticates via a radio frequency (RF) link carrying transmissions
Ly anid (o a buse transceiver station (BTS) 102, As highlighted in the dashed circle in Figure
1A, the BTS facilities include the uplink reccive (U_Rogj wd downlink-trapsmit (D_Tx)
antenna(s) and associated cables for the appropriate signals carrying the wireless
communications. A set of ({ypically three) BTS cell sectors {or sectorized cellular areas of
operation) cover a localized commanications area o1 cell (surrounding a serving BTS) served by
the antenna(s) deployed at the BTS terminal lozation. Euchr cell sector is identified by its unique
cell global identifier (CGI, which term is also used herein to refer to the BTS cell facilities).
Each BTS may individually or independently generate its time busc or ime-standard/reference
for its transmitted downlink signals based upon an independent oscillator that operates at a
nominal time hase frequency, within specification tolerances. For GSM service, a compliant
standard BTS timebase reference is specified o operate at 13 MHz, within a tolerance of 0.05
ppm or 0.65 Hz. A sct of the various BTSs covering a broader operational region are controlled
by a base station controller (BSC) 103. The BSC manages the MSs and BTSs operating within
its domain, and this management includes the handover of the responsibility for the integrity of
the RT link with a particular MS from one BIS to azother, as the MS moves from the ceflular
coverage of the cells of one BTS to those of the other BTS. In a similar manner at a Jower level
of communications management, the BSC also manages the hardover of an MS from onc BTS
sector to another and the BTS detects the successiul execution of the handovers within ity
domain. At a higher level ol management, a mobile switching center (MSC) 104 manages a
multiplicity of BSCs. In supporting the WCS aperations, any MS operating under the control of’
its particular serving CGI (SCGI) is used to synehronize itself to the SCGT's transmitted BTS
downlink “beacon” signal, and thus the signals from the d’stinct BTSs are not required to be
synchronized to & common time standard, such as the GPS time buse.

[0006] Figure 1B shows a WLS that cooperates as an adjunct (o a wireless
communications system. In this example, the WLS s called a Serving Mebile Location Center
(SMLC) 110. An infrastructure-based, or “overlay,” WLS can be represenied with the overlay
configuration of components depicted in Figure 1B. In Figure 1B, the RF uplink signals in the

communications channel from the MS/UE 101 of interest are received and measured by LMUs

L
'
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112 that are deployed at locations distributed throughout the operational domain of the
communications system. (Note regarding ierminology: In 3GPP GSM terminology, the term
“SMLC?” refers to the entire WLS whereas in other contexts “SMLC” refers fo the sub-system
component that is called a “WLP™. As alse used hevein, the 3GPP term "LMU" refers to the
geographically dispersed SMLC/WLS componeni that receives transeitted RF signals and
measures (e.g., location-related) signal charaeteristics, whereas such a component tmay be
called the signal collection system “SCS” in other cortexts or descriprions of the background
art,) Typically, as may be visualized with the “overiay™ of ligure 113 on top of Figure 1A, LMUs
112 are deployed 11 BIS 102 ficilites, snd thus the IMU usually accesses or “taps” its uplink-
receive (U_Rx) signals for the Jocation-related measurements via mulli-coupling (o the same
signal feeds that the BTS uses from the antenma(s) deployed for the communications. For time
base synchronization of the (location-relzted) data colleclions and measurements at the
distributed LMU sites, the LMU accesses GPS signals via a GPS-receive (GPS_Rx) antenna with
cable, as highlighted in the dashed circle in Figare 1B. Additionally, the EMU senses the BTS
downlink transmissions via a downlink-receive (D_Rx) anlenna with cable. As depicted in
Figure 1B, although the LMUs are typically bur ot necessarily deployed at BTS sites, they are
also not necessarily deployed one-for-one with the BTSs. The measurements of the received
signal characteristics extracted by multiple LMUs are managed andd collected through wireless
location processors (WLDs) 203, each of which dirccts the operations of multiple LMUs. The
WLP oversees the selection of the particular LMUs (tat are tasked with providing the
measurements for a particular MS of interest. Upon reception of the appropriately measured
signal data, perhaps inchuding throngh other WT.Ps mznaging T.MUs not under its direct control,
the WL will Lypically also evaluate the data and determine the eptimal (location) estimate based
upon the data, Typicaily, a WLP mav manage the operations of 1.MUs covering a geographic
region tor which the corresponding, communicalions serviees are provided by multiple BSCs.
‘I'he wireless location gateway (W1.G) 114 of the SMLC conducts overall control and tasking of
the WLI's. The WLG is typically {but not nceessarily) co-located with a MSC 104 (and may
interface with it). The WLG interfaces with and exchanges location-related requests,
mfonmation, or data with the multiple BSCs it serves within the communications system. The
WLG validares the location-service requests, and disperses the location-determination results to
authorized recipients.

{0007} The performance of a U-TDOA WLS {and other location systems) is normally
expressed as one or more circular error probabiliues. The United States Federal Communications
Commission (FCC), as part of the Enhanced 9-1-1 Phase II mandate, recuires that network-based

systems, such as a U-TDOA system, be deployed to yield a precision that generates a one-

£
'
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hundred meter (100m or 328.1 feet) accuracy for 67% of emergency services callers and a three-
hundred meter (300m or 984.25 fect) accuracy for 95% of emergency services callers. The
requirements for precision vary with the location service deployed, but i€ the precision (such as
predicted by the Cramer-Rao bound for instance) of the U-TDOA location system is such that
the location quality of service is exceeded hy a deploving fewer LMUs than BTSs, such a
deployment would be advantageous because it would reduce the cost of the syslem.

[0008] The inventive techniques and comeepis described herein apply to time and
frequency division multiplexed (TDMA/FDMA) radio communications systems including the
widely uscd IS-136 (TDMA}, GSM, und OV wireless systents, as well as code-division radio
communications systems such as CDMA (18-93, 1S-2600) und Universal Mobile
Telecommunications System (UTMS}, the latter of which is also knovm as W-CDMA. The
Global System for Mobile Communications {GSM) modet discussed above is an cxemplary but
not exclusive environment in which the present tovention may be used.

B. Problems with building a sparse WLS

[6009] In a non-sparsed U-TDOA system {a U-FDOA system with 1 LMU per BTS),
LMUs are able to detect and demodulate downlink signals (beacons or Broadeast Control
Channels (BCCH)) from the resident cell. The measured timing is then compared to system time,
determined by the LMIIs GPS-based ciock, and then sent to the SMLC for storage or
forwarding to other .MUs. Each LMU will then be able quickly (o demodulate uplink messaping
since the channel and timeslot are provided in the location request and the frame timing offset
from system time for each adjacent cell and sector is <nown.

[0010]  In a sparsed U-TDOA system (a U-TDOA system with a less than 1 LMU per
BTS deployment ratio), the increascd distances between radio emitter (the mobile device) and
the radio receiver (the LMU) resulting from the selective deployment (“sparsing™) will have un
adverse efTeet on U-TDOA location accuracy and will inhibit the LMU’s ability to determine
frame timing offsets, which are needed in a GSM environment. An LMU, to generate the
timestamps needed for TDOA, should: (1) deteet and demoduiate cell downlink beacons to
determine cell timing, and (2) detect and demodulate uplink signals. The requirements that the
LMU receive and demodulate both uplink and downlink signals in the presence of noisc,
adjacent channel interference, co-channel imterference and at the distance of several cell radii
make it difficult to minimize LMU deployment cost.

In this specification where reference has been made to patent specifications, other
external documents, or other sources of information, this is generally for the purpose of
providing a context for discussing the features of the invention. Unless specifically stated

otherwise, reference to such external documents is not to be construed as an admission that such

w
'
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documents, or such sources of information, in any jurisdiction, are prior art, or form any part of
P! y

the common gencral knowledge in the art.

SUMMARY

{0011] The present imvention provides an [torative mothod for designing a sparse
wireless location system (WLS) from an initial network design, comprising:

performing a preliminary network design analysts to determine that a feast one of the
following performance limiting factots atfects said initial network design: downlink beacon
discovery, accuracy, and uplink demodulation: and

modifying the initial network design based on the performance limiting factor determined
as affecting said initial network design.

[0012] The term “comprising”™ as used in this specification and claims means
“consisting at least in part of”. When inferpreting statements in this specification and claims
which include “comprising”, other features besides the features prefaced by this term in each
statement can also be present. Related terms such as “comprise” and “comprised” are to be
interpreted in similar manner.

[0013] The prescnt invention further provides a software tool stored on a4 computer
readable medium, comprising computer readable instructions for carrying out an iterative method
for designing a sparsc uplink time difference of arrival (U-TDOA) wireless location system
(WLS) including a plurality of geographically dispersed Ibeation measuring units (LMUs),
whercin said WLS is overlaid on a GSM wireless communications system comprising a phurality
of geographically dispersed base transcelver statiors (BTSs), said iferative method comprising:

providing an initial network design;

determining that al least one of the following performance limiting factors affects sad
initial network design: downlink beacon discovery, accuracy, and uplink demodulation; and

modifying the initial network design based on the performance limiting factor determined
as affecting said initial network design.

[0014] The present invention still further provides an iterative method for designing a
sparse wireless location system (WLS) based on an initial network design, wherein said WLS
comprises an uplink time difference of arrival (U-TDOA) system including a plurality of
geographically dispersed location measuring units (LMUs) and said WLS is overlaid on a GSM
wireless communications system comprising a plurality of geographically dispersed base

transceiver stations (BTSs}, comprising:

3627716_1.00C -6-
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() performing a preliminary network design analysis to determine that at least one of the
following performance limiting factors affeets said initial retwork design: downlink beacon
discovery, accuracy, and uplink demodulation; and

(b) modifving the initial network design based on the performance limiting factor
determined as affecting Lhe iniiial network design, whereln said modifying comprises the
foltowing:

(13 when the performance limiting factor is accuracy, one or more of the
following modifications is performed.

increasing an integration time at one or more focation measuring units (LMUs);

deploying a hybrid time difference of arrival (TDOAY enhanced cell
identilication (ECID) location process in the WLS:

deploying a hybrid lime TDOAS angle of arrival { AoA) location process in the
WLS; and

adding at least one LMU to the netwark design;

(2) when the performance limiting factor is downlink beacon discovery, one or
more of the following modifications is performed:

deploying at least one enhanced downlink antenng;

deploying downlink interference caneellation;

deploying base transceiver station (BTS) syachronization;

adding at least one location measuring unit {L.ML) to the network design;

determining that an Abis menitaring systern (AMS) s not deployed, and then
deploying at least one downlink-only location measuring unit (LMUJ) at an identificd site;
and

detetmining that an Abis monitoring system (AMS) 15 deployed, and then
enabling the use of Enhanced Beacon Synchronization (EBS) and AMS-derived beacon
timing functions;

(3) when the performanee limiting factor is uplink demodulation, one or more of
the following modifications is performex:

determining that communicatiors system demodulation data is enabled, and
enabling a demodulated data [eature;

determining that communications systern demodulation data is not enabled, and
determining that an Abis monitoring system (AMS) is net deployed and enabling a mid-

amble only correction feature;

3027716_1.DCC i
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determining that communications systemn demodulation data is not enabled, and
determining that an Abis monitoring system (AMS) is deploycd and enabling an AMS-
derived demodulated data feature;

adding at teast one location measuring unil (LMU) to the network design; and

adding at Icast onc dedicated antenna Facility to the netwaork design.

15 Feb 2011

[0015] The following surumary is inrended to cxplain scveral aspocts of the illustrative
embodiments described in greater detail below. This summary is not intended 1o cover all
inventive aspects of the disclosed suhjeel malter, not is it intended to limit the scope of
proteetion of the claims set forth below.

[0016] Inan overlay, U-TDOA-based, Wire.css Location System, LMUs typically co-
located with BTSs are used to collect radio signaling both in the forward and reverse channels.

When T.MUs are nat deployed af each BTS site, a sparse deployment, beacon reception and

2008243003

uplink reeeption can limit the performanee and service aren of the U-TDOA system. An
embaodiment of the present invention seeks to provide a method and system for minimizing LMU
deployment costs, or at least sccks to provide tne public with a useful choice. lllustrative
embadiments provide a number of technigues to minimize the cost of a U-TDOA deployment via
sparsing. These techniques may be applied as shown in Figure 3 1o reduce the deployment ratio
of EMUs to BTSs and thus the overall cost of the U-TBOA wireless location system.

[0017} The present invention may be embedied as an iterative method for designing a
sparse wireless location system {WL.S), and as a software tool for use in performing the iterative
design method. For example, in one exemplary ambodiment, the iterative method includes
performing an intelligent network design process to produce an initial network design;
performing a preliminary network design analysis to defermine that at least one of the foliowing
performance limiting factors affects the inifial nelwork design: downlink beacon discovery,
accuracy, and uphink demodulation; and modifying the initial network design based on the
performance fimiting factor determined as affecting the initial network design.

|0018] The WLS may comprisc a U-TDOA system including a plurality of
geographically dispersed location measuring waits {L.MUs}), and the WLS may be overlaid on a
GSM wireless communications system comprising a pluratity of geographically dispersed base
transceiver stations (BTSs). In addition, a presently preferred implementation of the iterative
method further comprises identifving at least one cluster of co-synchronized celi sectors prior fo
performing the intelligent network design process.

[0019] In an iltustrative embodiment, the methoc further comprises adding at least one
LMU to the network design bascd on a determinaticn that the performance limiting factor

affecting the initial network design is accuracy. The illustrative embodiment may also include
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removing at least one LMU from the network design based on a detcrmination that no
performance limiting factor affects the initial network design.

[0020] When the performance limiting factor is downlink beacon discovery, the method
may also include deploying at least one enhunced downlink antenna, deploying downlink
interference cancellation, deploying BTS synchronizstion, udding at leust one LMU to the
network design, or a combination of any of thesc. It addition, when the performance hmiting
tactor is downlink beacon discovery, the melaod may also include determining whether an Abis
monitoring system (AMS) is deployed, and if not deploying at feast one downlink=only LMU a
an identitied site. If an AMS is deployed, the method may ineluds enabling the use of Enhanced
Beacon Synchronization (EBS) and AVMS-derived beacon timing functions,

[0021) When the performance limiting factor is uplink demodulation, the method may
further include determining whether communications system demodulation data is enabled, and
if 50 enabling a demodulated data feature, and if not determining that an AMS is not deployed
and enabling a mid-amble only correction feature. In addition, if communications system
demodulation data is not enabled, the method may include determining that an AMS is deployed
and enabling an AMS-derived demodulated data feature. When the performance limiting factor
affecting the initial network design is uplink demodulation, the method may further comprise
adding at least one .MU to the network design, and/or adding dedicated antenna facilities. It
should also be noted that obtaining the demodulation bits from a link monitoring system, ¢.g., an
AMS, can reduce the cost and complexity of an LMU, i.¢.. even in non-sparsed environments.

[0022] Other aspects of the embodimenis disclosed herein are described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The foregoing sumunary as well as the [Dlowing deailed desceriplion are betler
understood when read in conjunctior. with the appended drawings. For the purpose of illustrating
the invention, there is shown in the drawings exemplary canstruetions of the invention; however,
the invention is not limited 1o the specific methods and instrumentalities disclosed. In the
drawings:

[0024] Figure 1 schematically ¢spicts a Wireless Location System.

[0025] Figure 1A depicts a representative configuration of the major components of a
wireless communications system (WCS). Figure 1B shows a representative configuration of the
major components of an overlay WLS, semetimes called the serving mobile location center
{SMLC).

[0026] Figure 2 schematically depicts 8 GSM/GPRS reference model.
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[0027] Figures 3A-3G arc or provide a flowchart showing a progression of techniques
that may be used to sparse a U-TDOA system bascd on the results of pre-installation analysis,
simulation modeling and field determined empirical results.

{0028] TFigure 4 illustrates a process and messaging for Beacon Discovery, which may
be used for a beacon-only LMU.

{0029] TFigure 5 illustrates a sparsed TDOA network and is referenced below in
cxplaining that the TDOA hyperbola’s width is duc to timing errors between LMU clocks and
unresolvable signal timing caused by multipath radio propagation. These errors may be
multiplied by the GDOP.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0030] We will now describe illustrative embodiments of the present invention. First,
we provide a detailed overvicw of the problem and then a more detailed description of our

salutions.

A. Overview

[0031] In an effort to reduce the cost of a U-TDOA syslem, receivers may be installed
at a subset of the cell sites in the communications network. As discussed above, in a U-TDOA
system having one LMU per BTS, each L MU can detect and demodulate downlink beacons or
Broadcast Control Channels (BCCH) from its resident cell {e.g., its co-located BTS). The
measured timing may then be compared =0 systerm time as determined by the LMU®s GPS-based
clock, and then sent to an SMLC for storage or forwarding to other LMUs. This enables each
LMU to demodulate uplink messaging,

[6032] In a sparse U-TDOA sysiem (a U-TDOA system with a less than 1 LMU per
BTS deployment ratio), the increasced distances between radio emitler (the mobile device) and
the radio receiver (the LMU) resulting from the seiective deployment (“sparsing”) will have an
adverse effect on U-TDOA focation accusacy as SNR decreases with distance, co-channcl
intexference increases, and effects of GDOP are magnified. Additionally, in a sparsed U-TDOA
system, LMUs are required not only to determine the radio signal timing of the resident cell and
seclors, but also any surrounding cells ard sectors that do not have a resident LMU. This ability
to receive and demodulate the beacons of non-resident cells and sectors in proximity to the LMU
is used to determine frame timing olfsets.

[0033} The a priori knowledge of the frame timing is used for U-TDOA location of
GSM devices such as mobile phones. Eech GSM frequency channel is shared by up to 8 mobile

stations. Since there are a maximum of eight users per frequency, there are eight timeslots (TS)
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per GSM frame. Therefore, each mobile uses the channe! for one timeslot and then waits for its
turn to come round again in the next frame. The mobile trensmittar turns on only during its active
timeslot. The tequirement to transmi: in a single dmeslot and siay idle during (he remaining
seven timeslots results in very tight cemands on the mechanism for on/ofl switching of the RF
power. If a mobile station does not perform according to the specilications, it will disturb other
mobile stations in adjacent timesiots and on adjacent channets. The WLS tasking information
from a location rcquest contains channel information, supplied by the wireless communications
system or by added monitoring subsystems, (hat includes the timeslot assigned to the mobile-of-
interest; bt without the frame liming infurmation derived Jom the beacon discovery process,
there is no simple way for the LMU to reliubly distinguish one timeslot from another.

[0034] The inability to detect the beacons from. surrounding cells and sectors means
that the frame timing cannot be derived in advance of a location request, thus the LMU localion
rate is severely reduced by the need to collect long periods of tadio energy from the assigned
channcl, climinating thc ability of the WLS to perform most control channel locations and
resulting in higher failed locations due fo calls hand'ng off during the signal collection phase of
the U-TDOA location.

[0035] An LMU, lo generate the limestamps needed for TDOA, should: (1) detect and
demedulate cell downlink beacons to determine cell timing. and {(2) detect and demodulate
uplink signals. The downlink signals will be from adjzcent cells and sectors and from those
potentially able to be served by the LMU. Thc uplink signzls can be destined for the resident cell
or for any serving cells in near proximity, and can originate from any point served by those cells.
‘I'he requirements that the LMU receive and demeodulate both uplink and downlink signals in the
presence of noise, adjacent channel interference, co-channel interference and at the distance of
several cell radit make it difficult to minimize LMY deplovment costs, A goal of the present
invention is to provide a multi-pronged techuique for minitnizing such LMU deployment costs.

[0036] To summarize, heacon discovery is a problem due o

+  Co-channel interfersnce

s Adjacent channel nlerference

s Receiver saturation

» Directional antennae deployments
e Antenma Downtilt

o Near-far effects.

When deploying LMUs in less then a 1 :1 ratic to BTSs in GSM networks in urban areas,
we have observed that the limiting factors are Beacon {BCCH) Discovery and Uplink
Demodulation, and not location accuracy. Uplink Detnodulation is a problem since the
successful measurement of TDOA values relies upon a “clean” (high SNR, low phase noise, low

intetference, etc.) reference signal w'th which measured signals rom multiple sites are correlated
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to provide an estimate of the TDOA between the reference signal and the signal received at each
site (see U.S. Patent Nos. 5,327,144 6,047,192; 6,4(10,320; 6,483,460; and 6,661,379). In uplink
demodulation limited areas, no signal of sufficient quality is available at any LMU to act as the

reference signal,

3027716_).DQC -12-

COMS ID No: ARCS-309867 Received by IP Australia: Time (H:m) 13:09 Date (Y-M-d) 2011-02-15

-14-




A J Park 15/02/2011 2:38:32 p.m. PAGE 28/061 Fax Server

[0037] Uplink demodulation is a problem due to:

15 Feb 2011

e Co-channel interference

e Adjacent channel interference

*  Receiver sataration

s Directional aniennae deployrents

«  Antenna Downiilt

»  Near-far effects

s Path loss due to radiative propagation loss, signal absorption and diffraction

logses, and mul:ipatk: signal eorrupition.
[0038] [ruePosition has developed a number of tochniques 1o minimize the cost of a -

‘TDOA deployment via sparsing. These teckniques are applied as shown in Figures 3A - 3G to
reduce the deployment ratio of LMUs to BTSs and thus the overall cost of the U-TDOA wireless

2008243003

location system. Figures 3A — 3G are flowcharts ol an exemplary implementation of a process in
accordance with the present invention. The illustrated steps are summarized below.
Step 300: Begin sparsing design process.
Step 301: Identify clusters of co-synchronized cell sectors.
Step 302: Perform intelligent network design pracess.
Step 303: Perform preliminary network design analysis.
Step 304: Determine performance limiting factor:
(A) downlink beacon discovery — go to Figures 38, 3C;
(B) acouracy — go to Figure 3D;
(C) none — go to Figure 3E, Remove 1TMTI(s) (Slep 321); or
(D) uplink demodulation — go to Figrres 3F and 3G.
As shown in Figure 3B, in a “downlink beacon discovery limited” situation, the
following sleps are carried out:
Step 305: Deploy cnhanced downlink antenna.
Step 306: Deploy downlink interference cancellation.
Step 307: Deploy B1'S synchrontzation.
Step 308: Add additional TMU(s) to the service area.
In addition, at Step 310, the process includes determining whether an AMS (Abis monitoring
system) is deployed (see Figure 3C). If not, it proceeds to step 311. If so, it proceeds to step 312
Step 311: Deploy downlink-only LMUs at identified sites.
Step 312: Enable use of EBS (Enhanced Beacon Synchronization) and AMS-derived

beacon timing functions.
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[0039]  As shown in Figures 3B and 3C, both of these processes are followed by Step
309: Perform intelligent network design process again, this time with updated design
specifications.

[0040]  As shown in Figure 3D, in an “accuracy limited” situation, the following steps

are carried out:

Step 313: Increase Signal Integration Time;

Step 314: Deploy TDOA/ECID Hybrid:

Step 315: Deploy TDOA/AeA Hyhbrid;

Step 308: Add additional TMU(s} to Service Area,

[0041) Figures 3F and 3G depict the process steps for the “uplink demodulation

limited” scenario. The sieps include:

Step 316: Determine whether communications system demodulation data is enabled. If
pot, go to Step 310; if so, go to Step 319.

Step 319: Enable demodulated data feature,

Step 317: Enablc mid-amble only correction feature.

Step 318: Enable AMS-derived demodulated cata feature. {Obtaining (he demodulation
data from an AMS can reduce the cost and complexity of the LMU. This is a benefit even
when sparsing is not an issue.)

[0042]  Also, as shown in Figure 3G, for the “uplink demodulation limited” case, the

process includes:
Step 308: Add additional LMU(s}) to the service arca.
Step 370 Add dedicated antenna facilities.
[0043] Ilere again, as shown in Figures 3F and 3G, these steps are followed by Step
309: Perform intelligent network design, wilh updaied design speeifications.

16044  In subscetion C., below, we will describe our inventive techniques in grealer
detail. First, however, we provide a non-limiting discussion of the GSM Reterence Model, which
provides an exemplary {although not exclusive) and suitable context in which embodiments of

the present invention may be used.

B. GSM Network Reference Model

[0045]  Figure 2 depicts & GSM Network Reference Model (this figure is a modification
of the 3GPP standardized generic LCS logical architecture of GS8M 03.71, Revision 8.9.0 section
5.6). We will now discuss this reference model in order to provide further context for the
remaining description of presently preferred embodiizents of our inventive technology. Our

summary description of the GSM Network Reference Madel is by no means intended to suggest
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that our invention is limited to systems conforming o the GSM Network Reference Model. The
following paragraphs summarize the elements depicted in Figure 2.
210 BTS —In a GSM system, the BTS {Base Transceiver Station) terminates the
GSM radio interface. Each BTS includes a number of TRX {Transceivers), amplifiers,

filters, and antenna. ‘The term B1'S Includes the power, environmental shelter and

15 Feb 2011

environmental controls required to house electronie devices. The BTS connects to the MS
(Mohile Station) via the Um radio interface and 1o the BSC via the Abis interface.

220 U-IDOA LMU - The LML {T.ocation Measurement Unit) makes radio
measurements to support U-TDOA and is typically co-located with the B1'S allowing lor
joint usc of the radio antenna and focililies. AL location und assislance measurements
obtained by an LMU arc supplied to a particular SMLC associated with the TMU.

Instructions concerming the timing, the nature and any periodicity of these neasurements

2008243003

are either provided by the SMLC or are pre-adiministered in the LMU. The
geographicaily distributed U-TDOA LMU is connected to the SMLC by a dedicated
connection.

223 Le Interface — The 3GPP standardized Le interface (The OMA/LIF Mobile
Localion Protocol 3.2.1 as standardized in 3GPP TS 23.171} is used by the LBS
application (1.CS Client} to communicale with the GMLC for requesting locations, and
receiving location responses. Services provided include: Standard Immediate Location,
Emergency Immediate Location, Standard Location Reparting, Emergency Location
Reporting, and Triggered Location Reporting,

224 Lb Interface — The Lb inferface is a standardized messaging interface that
enables communication between a BSC and an SMLC. Through this interface, the GSM
network triggers location requests dircetly to the WLS, which then obtains additional
channel data from the BSC o complete Lhe location process. This location infonmation is
then routed by the GSM network o the requesting or assigned LBS application. The Lb
interface is available using either $87 or SIGTRAN transport. The Lb interface is
optional if the AMS with afl associated interfaces and probes are installed. Both the AMS
and Lb may operate in the same zetwork.

225 A Passive Tap  The AMS 1s interfaced to the A interface via the use of
passive taps. Typical implementation of the passive tap is by replication of the interface
messaging via a Digital Cross-Connection or Digital Access Exchange (DAX).

226 Abis Passive Tap - The AMS is interfaced to the Abis interface via the use of
passive taps. Typical implementation of the passive tap is by replication of the interface

messaging via a Digital Cross-Canncetion or Digital Access Exchange (DAX).
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227 IILR - The HER (Home Location Register) is a database within the HPLMN
(Home Public Land Mobile Network). The HL.R is responsible for the maintenance of
uscr subscription information. The HLR provides routing informaiion for MT (Mobile
Terminated) calls, SMS {Short Message Service). The HLR provides cell/sector
information for Jocation request routing and Any Time Interrogation (ATI) operations.

228 GSM SCF - The gsm8CF (GSM Service Control Function) defines the
intelligent network {IN) control environment for every call that invokes an IN service.
The gsmSCT also stores the service logic associaled with IN scrviees. For Location-based
services, the gsmSCF uses the Le interface For interconnection to the GSM MAP
network. 'The Le interface 1s applicable only in CAMEL phase 3 and 4. The procedures
and signaling associated with the gsmSCF are defined in GSM 03.78 (now 3GPP 18
23.078) and GSM 09.02 (now 3GPP T 29.002), respectvely. Locations related to IN
functions of the gsmSCF include interrogation on subscriber location using the AT1 {(Any
Time Interrogation) and ALR ({Active Location Retrieval] procedures.

229 E5+ Interface - The E3+ interface 229 is hased on the ES interface described
in the ANSI/ESTI standard J-STD-036 “Enhanced Wireless 9-1-1 Phase II”. This
intcrface between the SMLC’s WLG component ard GMLC, allows the GMLC to
request location directly from the SMI.C. The E3+ interface alse allows the SMLC to
push autonomously developed locations directty to the GMLC for caching or immediate
delivery over the Le interface 1o an I.BS application.

230 MSC = The MSC (Mobile Switching Center) contains functionality
responsible for MS subscription authotization and managing call-related and non-call
related positioning requests of GSM T.CS. The MS(C is accessible to the GMLC via the
1 interface and the SMLC via the Ls interface. J1 connecled 1o SGSN through the Gs
interface, it checks whether the mobile station is GPRS attached 1o decide whether to
page the maobile station on the A or Gs imerface.

23] I.g interface — The 3PP standardized Interface between a GMLC (Gateway
Mobile Location Center) and the VMSC (Visited Mobile Location Center),

232 Lh Interface - The 3GPP standardized Interfzce between a GMLC and the
HLR. Communications using this interface take place over the GSM-MAP Network.

233 Le Interface -- The 3GPP standardized Interface between a GMILC and the
gsmSCF communications using this interface take place over the GSM-MAP Network.

238 GSM MAP Network — The S87-hased network, using the MAP protocol,
which enables teal fime access, routing, and communicatian between the distributed

nodes of a mobile cellular nerwork.
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240 BSC — The BSC {Base Station Coatrolier) is the functional entity within the
GSM architecture that is responsible for RR (Radio Resource) allocation ta a Mobile
Station, frequency administration and handover between BTS controlled by the BSC. For
a U-TDOA location system, the BSC supplies the SMLC with radio channcl mnformation
and characteristics. The BSC is connectad to the BTS via the Abis interface, the MSC via
the A interface und to the SMLC viu the Lb imnerfuce.

250 AMS — The AMS {A/Abis Monitoring Subsystem) is described in
‘TruePosition’s United States Patent No. 6,782,264, August 24, 2004, “Moniloring of Call
Information in a Wireless Location System,” and further expanded in U.S, Published
Patent Applicalion 20060003775, [ited June 19, 2005, “Advanced Triggers tor Location-
based Service Applications in a Wireless Localion System.” The AMS (or LMS)
passively monitors the Abis and/or A interfaces for location tripgering events, messaging
and subseriber information allowing the SMLC to perform autonomous (from the
perspective of the wireless communications system) U-TDOA, CGI, CGI+TA and ECID
location calculations. The AMS is conneeted to the SMLC via a digital communications
link, The AMS, with all associated interfaces and probes, is optional if the Lb interface is
installed. Both the AMS and Lb raay operate in the same network.

260 SMLC - The Serving Mobile Location Cenler {SMLC) contains functionality
uscd to support LCS. In one PLMN, there may be more than ong SMLC. The SMI.C
manages the overall coordination and scheduling of resources nsed to petform
positioning of a MS. It also calculates the final location estimate and accuracy. The
SMILC supports positioning via signaling on the Lb iterface to the BSC serving the
target MS. The SMLC may suppnt the T.p interface to enable access to information and
resources owned by another SMLC. The SMEC controls a number of LMUs for the
purpose of obtaining radio interface measurements to locale or help locate MS
subscribers in the area that it serves. The SMILC is admintstered with the capabilities and
types of mensurement produced by each of its LMUs. Signuling belween the SMLC and
U-TDOA LMU is transferred via & dedicated digital connection. A digital connection to
the AMS and the ES+ interface to the GMLC allows the SMLC and LMUs to produce
autonomous locatiens based on the AMS provided triggering and radio information and
push autonomous locations to the GMLC.

270 WLP - The Wireless Location Processor (WLP) component of the SMLC
cluster integrates information: from the served MU to calenlaie the position of the caller
or wireless device, using the single or muliiple technotogies as selected by the WLG. The

WLP connects to the served LMUs and the WLP via digtal communications links.
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280 WLG — The Wireless Location Gateway (WLG) communicates with the
wireless network, receiving requests for location, determining the best location method
for the application, and sending the location record back 1o the network, The connection
to the wircless network may be passive using the AMS or may be active, using the Lb
interface interconnection to the BSC.

290 Abis — The Abis Interface is the G8M stundurdized signaling interface
between the BTS and BSC.

295 A — The A interface is the standardized interface in the GSM netwerk
archilecture between (he BSC and an MSC. The imerface supports channels for signaling
and trallic.

296 GMLC ~The GMLC (Gateway Mobile Location Center) contains the
Authentication, Access Control, Adminstration and Accounting functionality used to
support Location-based services (LBS) (also known as LCS (Location Services)). In one
PLMN (Public Land Mobile Network), there may be more than one GMLC. The GMLC
is the first node an external LBS or LCS client accesses in a GSM or UMTS netwark.
The Gateway Mobile Location Center (GMLC) capabilities are defined in the following
standards: GSM 03.71 (L.ocation Services {LCS) - functional description), 3GPP TS
23.271 (Functional stage 2 description of LCS}, Mobile Application Part Protocol (3GPP
TS 09.02 “MAP”) and CAMEL (3GPP TS 23.079). Additional functionalily GMLC
functionality includes:

o Location Client Control F'unction (LCCF): The Location Client Control
Function (LCCE) manages the exteraal inerface towards multiple
Application Server/Location Client Function {L.CT'). The LCCF identifies
the LCS clicnt within the wireless aperator by requesting client
verification and authorization {ie. verifics that the LCS client is allowed
to position the subscriber) through interaction with the Location Client
Authorization Function {LCAT}. The LCCF handles mobility management
for location services (LCS} ¢.g., forwarding of positioning requests to
VLR. The LCCF determines if the final positioning estimate satisfies the
Qo8 for the purpose of retry/raject. The LCCF provides flow contral of
positicning requests between simultancous positioning requests. It may
order the Location Client Coordinate Translormation Function (LCCTF)
to perform a transformation ta local coordinates. It also generates charging
and billing-related data for LCS via the Lecation System Billing Function
(LSBL).
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[.ocation Client Authorization Function {LCAF): The Location Client
Authorization Function (LCAF) is responsible for providing access and
subscription authorization 1 a clent. Specifically, it provides
authorization to a LCS client requesting access Lo the network and
authorizes the subscription of a client. 1.UAF provides authorization to a
LCS client regquesting Location Information of a specific MS.

Location System Billing Funetion (LSBI): The Location System Billing
Function (LSBF) is respensible for charging and hilling activity within the
network related to location services (LCS). This includes charging and
billing of hoth clients anc subscribers. Specifically, the LSBF collects
charging related data and data. for accounting between PLMNs.
Location System Operations Function {LSOF): The Location System
Operations Function (LSOF) is responsible for provisioning of data,
positioning capabilities, data related 1o clients and subscription (LCS
client data and MS data), validation, fanit management and performance
management of the GMLC.

Location Client Coordinate Transformatien Funcetion (LCCTF): The
Location Client Coordinale Transformaticn Function (LCCTF) provides
conversion of a location estimate expressed according to a universal
latitude and longitude system into an estimate expressed according to a
local geographic system underslood by the LCE and known as location
information. The local systemn required for a particular LCF would either
be known from subscripion inlormation or explicitly indicated by the
LCF.

297 LBS - The LBS application {LCS Client) can initiate location reguesls to the
GMILC and recetve location respanses from the GMLC. When an AMS has been
deployed as part of the WLS, the LBS application may be afiowed to pre-configure
triggoring events, messaging, or subscriber information i the AMS to enable

autonomous passive ocation.

C. Implementing a Sparse U-TDOA Network

To deploy T.MUs at the minimum nomber of sites while retaining a designated

level of U-TDOA performance, the sparsing process shown in Figures 3A - 3G may be

performed. Tn the following subsections, we address the following topics in greater detail: base
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station timing analysis; intelligent systeu: design for sparsing; predicied coverage area, predicted
site density, and predicted area of responsibilily, downlink coverage requirements and secondary
sector coverage requirements; prefiminary system desipn [or sparsing analysis; dowalink beacon
discovery limited performance; uplink demodulation limited performance; improving downlink
beacon discovety limited petformance, enhanced downtink antenna for improving downlink
beacon discovery limited performance, and link monitoring for improving downlink beacon
discovery limited performance; enhaticed beacon syac; downlink only LMU depluoyments;
improving uplink demodulation limited performance, link monitoring {or improving uplink
demodulation limiled perfommance, known sequence correlation for improving uplink

demodulation limited performance; and alternative embodiments.

Base Station Timing Analysis (sex Step 301 in Figure 3A)

[0047]  Once the performance parameters have heen established and the relevant
wireless system data has been collected, tut before the preliminary system design can be
completed, the wireless network timing sources should be evaluated. Tn a TDMA-based system,
such as GSM, base transceiver stations (BTSs) are nommally unsynchronized, i.e., base stations
are deployed without a common clock reference. The accuracy requirements for GSM base
transceiver stations were formulaled by the ETSI organization (Buropean Telecommunications
Standards Institute) in the GSM 05.10 recommendation “Radio subsystem synchronization™ as
follows:

3.1 The BS shall use a single frequercy source of absolte aceyracy betler than 0.05 parts -per-
million (ppm) for both RF frequency genevation and elocking the time base. The same source
shall be used for all carviers at the BS.

[0048]  As a result of this requirement, channels internal to a single CG are
synchronized. (A (Gl can be a celt  inihe case of an omni-directional antenna, or a sector of a
cell - in the case of directional antennas.} Due to the diffienlty of large scalc geographical TS
deployments based on a common system clock reference, 2 requirement exists for
synchronization of channels between otlier GSM BTSs. GSM base stations have traditionally
derived their required frequency necuracy by locking a crystal oscillator within the hase station
10 a recovered clock signal from a T1/E1 line heckhaul facility. Timing signals based ona
primary reference source (PRS) transmitted over the backhau! keep the embedded oscillator
calibrated to within sufficient accuracy.

[0049] Although not a GSM requirement, due to equipment deployments and design
choices by manufacturers, clusters of commonty timed, co-synchronized sectors and occasionally
adjacent cells may exist in the wircless location system’s service area. Also not required by the

GSM specification but widely available to GSM operators afier the introduction of the U.S. Air
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Force deployment of the NavStar Global Position System {GPS) satcllitc navigation system,
GSM systems can be made co-synchroncus by timing derived from the GPS radio signal and
messaging. Equivalent (iming abilitics are expected o be available from any global or regional
satellite navigation system.

[0050]  Further information concerning BTS synchronization may be found in
International Patent Application W(06088472A1, iled o1 April 25, 2005, “Base Transceiver
Station (BTS) Synchronization.” This document deseribes how, in a network overlay wireless
location solution for a G8M or UMTS communications network, spectrum utilization can be
made more efficient by synchronizing the BTSs, which can require distributing a timing signal to
all BI'Ss, or installing a satellite-based tiring unit in =ach site. In an example of this solution,
LMUs are installed at some ot all of the BTS sites for the purpose of locating wircless devices.
The LMUs are used to measure the timing ol various uplink and/or downlink signals in the
celiular network in support of various location tzchniques. These LMUs may include a GPS-
based timing reference module, which may be used to synchrenize the time bases of all LMUs.
To reduce the overall cost of BTS synchronization, the LM distributes (iming signals, including
a periodic electrical pulse as well as time description information, on a serial or other interface,
which is available for other nodes to usc for synchromization. The format of the elcctrical pulse
and time description information is modified through haydware and software to adapt to the
various formats required by various BTS types. For example, BTSs with co-located TMUs can
receive a synchronization signal with little or no hardware cost. An External Interface Unit (EIU)
may be used to adapt to various BTS hardware formats. For BTS sitcs not cquipped with an
LMU, a Timing Measurcment Unit (TM1T} can be used. The TMU has the single function of
providing BTS time signals in the same formals as provided by the LMUs. The time signals
provided by the TMUs arc synchronous to the signuls provided by the LMUs, This timing-only
TMIJ has a lower cost than the LMU heeauss il does not support the uplink or downlink signal
measurement functions. This approach allows 4 celtular operator to synchronize BTSs at a
relatively low cost.

[6051] Once the timing anatysis of the BTSs and thus the radio channels i the service
area has been completed, a map of downlink channel framing can be creatcd. When the overall

service area timing analysis is complete, a preliminary desJoyment design can be performed.

Intelligent System Design for Sparsing (see Step 32 in Figure 3A)

[0052] TruePosition, Inc., the assignee of the present invention, makes an Intelligent

System Design tool. The system planning application provides automated LMU site selection
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during the market design process. This feature incorporates criteria-based selection of LMU sites
in a market with less than a 100% deployment ratio of LMUs to BTSs (a “sparsed” system).

[0053) The Intelligent System Design tool automatically selects the set of LMU sites
that will provide the best location performance. To do this, the system planning software tool
orders carrier base stations by redundancy metrics, and then removes one site at a time with the
lowest redundancy metric, unless downlink caverage requirements or secondary sector coverage
requirements are not satisfied for that site. Redundancy metrics are recalculated afler each
removal, Removal of sites continues until a target LML deployment ratio is achieved or until the
site pool is exhausted.

[0054] A redundancy metric for a site is oblained by mulliplying scveral basic melfrics
for a site:

Redundancy Metric = (Coverage drea)” (Site Density): {drea of Responsibility)™

where K=05L 1, M1

Note that the constants K, L, and M have been detennined empirically.

[0055] Coverage Area: A base staticrl coverage avea is an approXimate area in square
kilometers where the base station sectors can he used as cooperators in a WLS. The area is
computed by finding a distance where certain threshold power is achieved. The power
computation is based on a sophisticated radio propagaticn/path loss model (such as the extended
COST231-Hata model). Therefore, the antenna parameters that contribute to coverage area
computations are:

height (agl) (the higher the site the betier coverage)

height above mean sea level {amsl) (used to come up with gffeciive height}

verlical beam width (the less the value the better coverage}

horizontal beam width

1ilt (the closer to 0 the better, tilt of 10 can scverely reduce coverage, for examplc)

antenna gain (the maore the gain the better coverage)

number of sectors.

The antenna parameters arc neeessary to account for individual propertics of antennas.

[0056] Site Density: The sitc Censity is an average number of sitcs per square kilometer
in the vicinity of a base station of interest. This value takes into consideration only sites that are
closer than R kilometers from a base station. The R is chasen as a distance to a 20" closest site.
Tor the system planning tool computations only initial {before any remeval) sitc densitics are
used. The initial site density eorrelates with the environment where base station is installed. For

example, urban, suburban, and rural environments will have different site densities.
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[0057] Area of Responsibility: This is the a-ea that bounds a region (a Voronoi
region), each point of which is closer to the current base station than to any other base station.
Area of responsibility is recaleululed after each base station removal from a configuration. This
recalculation facilitates unitorm distribution of sites and betier peometry of cooperators for the
tU-TDOA calculation.

[0058] Downlink coverage requirements: The Intelligent System Design tool should
make sure that aficr removal of an TMU from a carrier’s site map, the site’s downlink channel(s)
can still be well monitored by downlink antermas installed on remaining LMU sites. These
requirements include minimum downlink SNR (hal can inclade somng safely margin and minimum
mumber of downlink anlennas hal should be able Lo monior calis handled by & non-LMU tawer,
To check these requitements the ool uses a Propagation Modcl that acceunts for terrain loss. The
program, depending v co-synchroavus sedting of the network, intesprets the requirements
differently. In a network that is generaily unsyrchronized (for example GSM), if two or more
cell sectors (CGls) are synchronized such that they have tne same relative frame timing and
framc numbers, then those cell sectors are said to be co-synchronous. This is sometimes present
in GSM networks by making all cell sectors at a given site (typically 2, 3, or 6) co-synchronous
to each other.

[0059] Secondary sector coverage requirements: A “seconcary sector” is a
sector/C T other than the serving sector that may still be capable of demodulating the uplink
signal from the mobile station. The primary and sccondary scetors arc all tasked with
dermodulation of the uplink signal to provide redundancy. Secondaty seetor coverage
requirements make sure that in each reprosentative peint of an accuracy grid one can find a
sufficient number of sceondary sectors. These requirements include minimum SNR to be a
secondary, and percentages of points that have 0, 1, 2 and 3 secondary sectors. To check these
requirements the Intelligent System Design tool uses an original Propagation Modcl that
accounts for terrain loss and carrier supplicd coverage polygons. The Inteliigent System Design
tool allows the operator to create an a priori U-TDOA system design (the baseline design) that
uses less than one LMU per site. This allows the Operator to deploy the minimum number of
LMUs for any required level of accuracy and savc costs associated with un-needed LMU

deployments.

Initial Baseline Design (Figure 34, Steps 300. 301, 302}

[6068] The Intelligent System Design too] is the tool that defines which sites can be left

un-deployed in a sparse LMU deployment scenario.
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[0061] With a desired sparing target deployment ratio (a ratio of less than one LMU per
hase station), the Inteltigent System Design oo will be used to identify the sites that should be
deployed with those LMUs to achieve the best systemn performance resulting in a system design.
This design is called the initial basclinc ¢osign. This initial baseline design may contain areas
that are beacon discovery limited, uplink demodulation limited o1 accuracy limiled. In each
itcration of the sparsing design process, & new candidate design 15 developed.

{0062] The Intellipent System Design tool works by creating, for every point in the
geographic service acea, the set of TDOA basefines from every polential LMU site within or in
proximity to the service area. The number of potential TDOA baselines for any point using the
LMUs potentially involved in a TDOA Tocation (as determined by the predicted received signal
strength from the radio propagation model) is given by the fornwuka:

Maximum No. of TDOA Buselines = (No. of LMUs) ¥ No. of LMUs - 1)*(1/2),

when (No. of LMUs) =3

[0063] The factor that is limiting the deployment ratio of a network can be identified in
a progression of steps.

[0064] The first item to check is downlink beacon discevery. This can be analyzed by
considering the transmit power of each beacon and the path foss of the downlink signal from the
transmit antenna to each site that is a candidate to have an LMU deployed. This will vield a
received power level at each LMU, Based on the receiver sensitivity characteristics, it can be
determined whether or not each LMU can discover z given downlink beacon. As long as every
beacon can be discovered by at least one EMU {or more if redundancy is required), then the
design is nof downlink heacon discovery limited. 1T any beacon cannot be discovered by at least
one LMTJ, then the system design is limited by *his factor, and TMUs should be added to this
design undl this situation is resolved.

10065]  Once all the beacons can be discovered by at least one LMU, the next limiting
factor, Uplink Demodulation, can be assessed. Based on the rocciver sensitivity of the base
station, and the path loss to diffcrent arces served by that site, the minimum transmit power of
the mobile uplink signal needed to maintain this link can be determined at cach Jocation. Based
on this mobile uplink transmit power, and similar path 1oss calculations, the reccived power level
at surrounding LMU sites can be determined. If this received power is greater than the minimum
signal strength needed by the .M to demodulate the signal at a: least one site that is a candidale
to have an LMU deployed, then the system design is not Uplink Demodulation limited. Tf there
are areas where the mobile can be served by a cell site, but the uplink signal does not propagate
to any LMU site with sufficient power levels to allow demodulation, then the system is Uplink

Demodulation limited, and LMUs should be added wo this design until this situation is resolved.
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[0066] Once all the beacons have been discovered, and all areas serviceable by the cell
sitcs in the design can also be demodulated by the deploved LMUS, a final check can be made to
determine if the systern design is Accuracy limited. This entails first delermining the minimum
mobile uplink transmit power used to maintain the link at the locations served by the cell sites in
the design. From this transmit power, and the path loss to all surrounding LMU sites, the
reecived signal power at cach of the surounding £MUs cen be determined. If this signal level is
greater than the TDOA deteetion sensitivity level, which ts significantly lower than the
Demodulation sensitivity level, then that LMU is considered a cooperating LMU for the location
ol mobiles [rom this wren. All such cooperating LMUs ate identified. The tetrain and density of
sites in the region are used to estimate the moulii-patk: nduced spread in e TDOA
measurements. Based on the geometry of these cooperafing LMUs, and the multi-path spread,
the estimated location accuracy for this area can be compuied. This process is repeated for all the
areas served by the cell siles in the design Lo produce an agpregate location accuracy for the
entire design. If this accuracy level meets the requireraents of the design, then the system design
is not Accuracy limited. If the estimated accuracy level [alls short of the requirements of the
design, then the system is Accuracy limited and additional LMUs should be added to this design

until this situation is resolved.

Revising the Initial Baseline Design (Figurc 3A, step 303)
Introduction: Adding LMUs to the WLS candidale design

[0067] If the initial baseline design or candidate design contains arcas within the
defined service arca with the defined geographic service area that are beacon discovery limited,
uplink demodulation limited or aceuracy limited, then the mitial or current sparsing ratia should
be decrcased and .MU added to the initial baseline design,

[0068] Adding LMUs is performed on an LMU-by-LM1 basis, Tirst, the performance
limitation and the geographic area that is performance limited is identified. The available base
stations not currently hosting LMUs are identi(ted with the alTected arca or in gecographic
proximity to the affceted area are noted (if no unused hase siation is available in the affceted
area, alternative siting arrangements, for example cell sites used by other wireless carriers or
other radio services, can be considered). For each of these potential sites, the system tool will be
used identify the next best site for an .MU to ke added using the techniques described.

Adding LMU(s) for Beacon Limited (Figure 3B, Step 308)

[0069] When an area is beacon limited, the systetn planning tool is used to predict the
beacon discovery list for each potential LMU site. Each potential LMU site’s predicted beacon

discovery list is then compared with the list of beacons that are not predicted to be discovered by
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the existing LMU population. LMUs are added to the design until all beacons are discoverable
and the amount of redundancy (the numter of times a beacon is discovered by multiple LMUs)
in the beacon list is minimized.

Adding LMUs jor Uplink Demoduiation Limited (Figure 3G, Step 308)

[0070] When an area is Uplink Demodulation Limited, the system planning tool is used
to predict the uplink demodulation performance for each potential LML site. Each potential
LMU site’s predicted uplink demodulation area is then compared with area not sufficiently
covered by the existing LMU population. EMUs are added 10 the design until the area that was
uplink demodulation lmited is climinated and any vverlapping coverage om the LMUs in
proximity W the affected arcy iy minimized,

Adding LMUs for Accuracy Limited (Figuwre 3D, Step 308}

[0071] When an arca is Accuracy Limiled, Cie system plamming tool 1s used to predict
the improvement in system accuracy perfonmance for sach potential LMU site. On a site-by-site
basis, the system planning tool develops an aceuracy prediction for the ctire scrvice arca based
on that site being added to the entire LMU population aiready present in the current candidate
design. If addition of a single site does not improve accuracy performance sufficiently, the
process is repeated for each pair of potertial LMY sites. This process of adding LMUs and
evaluation of the predicted accuracy in each new potential network design is repeated until the
accuracy performance threshold is reached or until 21l potential LMU sites are occupied by
LMUs.

[0072} 1 the list of potential LMU gites are exhausted, then additional alternative siting
arrangements, for example cell sites used by other wireless carriers or ather radio services or
standalone T MU sites with dedicated facilities, can he considered.

Introduction: Removing LMUs from the WLS design (Figuve 3E, Step 321)

[0073) If the initial baseline design of candidate design does not contain areas within
the defined geographic service arca that are beacon discovery limited, uplink demodulation
limited or accuracy limited, then the sparsing ratio may be able to be increased and LMU(s)
removed from the initial baseline design or candidaic design.,

[0074]  To delete LMUs from a design, the sysiem plaming tool will be used tdentify
the next best LMU to remove. All LMUs in the candidate design are considered. The decision to
remove an LMU from the initial baseline design is based on redundancy - for both beacons and
accuracy.

Removing LMU(s} without degrading Beacon Limited Performance

[0075] The (irst step in determizing potendial LMUs for removal from the design is

examination of the beacon lists for each LMU in the design. The system planning tcol is used to
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predict beacons that would be discovered by cach LMU. The system planning tool is then used to
determine if any of the predicted beacons are predicied to be discovered by other LMUs. 1f all
the beacons discovered by an LMU are also discovered by others, then this MU is a candidate
to be removed. It is the level of beacon redundancy delermines which LMU get removed first
from the design. The rermoval of LMUs from the design caa be repeated, barring the introduction
of the other sparsing related performance issues (acouracy, uplink demodulation, ete.) until
redundeancy of beacon discovery is minimized. In an ideal, maximally sparsed system, there
would be no beacon redundancy. .

10076]  Please nete that e determination of heacon redundancy can be performed in a
deployed system from examination of the LMU received beacon List and in cases of system
optimization or wireless network reconfiguration, the actual beacon performance can be used in
place of that determined from the theoretical propagation model.

Removing LMU(s) without degroding Uplink Demodulaiion Performance

[0077] The next step in determining potent:al LMUs for removal from the design is
examination of the uplink signal strengths for each MU in the desipn.

[0078] The identification and LMUs that can be removed from the updated design
based on Uplink Demodulation Performance is done using the radio propagation model created
for the initial baseline design, already altered Lo reflect the removal of LMUs based on
redundancy in beacon discovery. This updated model has minimized the beacon discovery
redundancy and initially has no Uplink Demodulatior. Performance limited areas.

[0079] The received signal strengths at all LMUs for all possibic transmission points in
the service area are examined in this stage. 1f suceessful {strong enougk to be demodulated)
signal reception is predicted at two ar more LMUs, then reception is said to be redundant. 1f the
sct of signals predicted to be received and demadulated by a speeific LMU are completely
redundant, that LMU may be removed from the carrent design barring the introduction of the
other sparsing related performance issues (accuracy and beacon discovery).

[0080] Please note that the determination of Uplink Demodulation redundancy can be
performed in a deployed system from examination of the LMU received signal records and in
cases of system optimization or wireless network reconfiguration, the actual uplink demodulation
performance can be used in place of that determined from the theoretical propagation model.

Removing LMU(s) without degrading Accuracy Performonce

[0081]  Accuracy limited shoul be thought of in terms of meeting certain targets (e.g.,
the FCC Phasc 11 mandate for network-besed location system) for accuracy numbers. The system

is accuracy limited if the current design does nol meei Lhe required accuracy targets. Le.,
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additional sparsing by removal of LMUs from the candidate design cannot be done because
accuracy requirements are not being met.

[0082] In asparscd WLS, not limited by Beacon discovery or Uplink Demodulation
performance, the primary determinant of Accuracy Limited areas is the Horizontal Geometric
Dilution of Precision (HDOF or GDOF)

[00831 A relalionship exists between the location eror, measurement error and
geometry. The effect of the geometry is represented by a scalar guantity that acts to magnify the
measurement error or difute (the precision of the computed result. This quantity is referred Lo as
the Horizontal Dilution of Precision (HDOP) and is the ratio of tae Root-Mean-Square (RMS)

pesition crror to the RM$ measurement exror o. Mathematically, it can be writlen as:

2 L2
Hpop = |00

2

(o3

where 6,2 and o’ is the variances of the horizontal companents from the covariance
matrix of the measurements. Physically, the best HDOP is realized when the intersection of the
TDOA hyperbolas between baseline LMU pairs is orthogonal. An ideal HDOP situation arises
when the emitter is at the center of a circle and all of the receiving sites are uniformly distributed
about the circumference of the circle.

[0084] Determination of likely LVUs for rerioval in a candidate system that meets or
excceds accuracy requirements is done through the examination of the system planning tool
generated accuracy plots of the service areu and the TDOA baselines, between each pair of
1.MUs, generated for cach point in the service area.

[0085] The system planning tool considers both the redundancy in predicted TDOA
hyperbolic baselines and the degree of orthogonality in the baselines. Redundant baselines do not
contribute to increased accuracy and therafore can be climinated. Baselines with low degrees of
orthagonality can actually magnify the inaceoracy ol a meastrement and must therefore be
minimized. If an LMU produces TDOA hypurbolic baselines with low degrees of orthogonality,

it can be removed and the WIS accuracy performance recaleulated.
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Please note that evaluation of the accuracy performance of a deployed system can be determined
from examination of calculated location versus known actuat location for test transmissions. In
cases where a deployed system is sufferirg from accuracy limited areas, that information can be
brought into the radio prepagation model and a new bascline design calculated. From the new
baseline, the entire intelligent design process can be relierated and polential sites for the addition

or defetion of LMUs determined.

Preliminary System Design for Sparsing Anacvsis {sce Step 303 in Figure 34)

J0086] Uhe preliminary system design for sparsing analysis is used to determine if
TDOA performance lmiting factors exist for the intelligent system design produced by the
design planning and evaluation application. The ability 1o depioy LMUs in a less then one-to-one
ratio to the cell sites in a network (sparse deplovmen) is limited by three main factors: Downlink
Beacon Discovery, Uplink Demodulation, and Accuracy. These arc represented in Figures 3B —
C (Downlink Beacon Discovery Limited}, Figures 3D — E {Accuracy Limited), and Figures 3F —
G (Uplink Demodulation Limited).

[0087] The factor that is limiting the deployment ratio of a network can be identified in
progressive steps.

[0088] The first item to check is the downlink beacon discovery. This can be analyzed
by considering the transmit power of each beacon, the path loss of the downlink signal from the
transmit antenna to cach site that is a candidate to have an LM deployed. This will yield a
reccived power level at each LMU. Based on the receiver sensitivity characteristics, it can be
determined whether or not each LMU can discover o given downlink beacon, Aslong as every
heacon can be discovered by at least one LMU {or more il redundancy is required), then the
design is not downlink beacon discovery limited. I any bracon cam not be discovered by al least
one LMU, then the system design is Timited by this factor, and I MUs should be added to this
design until this sitnation is resolved.

[0089]  Once all the beacons can be discovered by al least one LMU, the next limiting
factor, Uplink Demodulation, can be assessed. Based on the recciver sensitivity of the base
station, and the path loss to different areas served by that site, the minimum transmit power of
the mobile uplink signal needed to maintin this link can he determined at each location. Based
on this mobile uplink transmit power, and similar path loss caleulations, the received power level
at surrounding LMU sites can be determined. If this received power is greater than the minimum
signal strength needed by the LMU to demodulate the signal at at Jeast one site that is a candidate
for te have an LMU deployed, then the system design is not Uplink Demeodulation limited. If

there are areas where the mobile can be scrved by a ccll site, but the uplink signal does not
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propagate to any LMU site with sufficient power levels to ailow demodulation, then the system
is Uplink Demodulation limited, and LMUs should be added to this design until this situation is
resolved.

[0090]  Once all the beacons have been discovered, and all areas serviceable by the cell
sites in the design can also be demodulated by the deployed LMUS, 4 final check can be made to
determine if the system design is Accuracy limited. This requires first determining the minimum
mobile uplink transmit power used to maintain the link at the locations served by the cell sites in
the design. From this transmit power, and (he palh loss 1o all surrounding LMU sites, the
received signal power at each of the surraimding 1.MUs cen be determined. Y ihis signal level is
greater than the TDOA detection sensilivity leve!, which 1s significantly lower than the
Demodulation sensitivity level, then that LMU is considered a cooperating LMU for the location
of mobiles from this arca. All such cooperating LMUz ave identified. The terrain and density of
sites in the region are used to estimate the multi-patk induced spread in the TDOA
measurements. Based on the geomctry of thesc cooperating LMUs, and the multi-path spread,
estimated location accuracy for this area can be computed. This process is repeated for all the
areas served by the cell sites in the design to produce aggregate location accuracy for the entire
design. If this accuracy level meets the requirements of the design, then the system design is not
Accuracy limited. If the estimated accuracy leve! fall short of the requircments for the design,
then the system is Accuracy limited and additional LhUs should be added to this design until
this situation is resolved.

Downlink Beacon Discoverv Limited

[0091]  The first performance limiting factor is Downlink Beacon Discovery. Locating
mobile stations on a G8M network using U-TDOA technigues requires knowledge of the GSM
frame timing used by the mobile station. the frame iming of the mobile is defined by the frame
tinting broadcast by each sector in its Downlink BCCHI chammnel. In general, ¢ach cell sector
within the GSM network has independent frame uming. When EMUs are deployed at every cell
wile, each MU acquires the frane tming of the cells at that site by decoding the BCCH
transmitled by those cells. This process (as shown in Figure 4) is called Beacon Discovery.
When sparse deployment is used, the frame timing of the ceil where LMUs are not deployed
should be discovered by LMUs at neighboring sites. If the ratio of LMUs deployed gets too low,
then there will be cells for which no LMY is capable of discovering the beacons for these cells.
In that case, the MSs placing calls served by those ¢cells wilh undiscovered beacons may not be
located. This deployment is said to bc Downlink Beacon Discovery Limited.

[0092] For the sake of completeness, the Beacon Discovery process illustrated by

Figure 4 will now be summarized. As shown, the process ineludes the following steps:
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1. The MS transmits an Access Burst on the RACH. This mobile originated call is
initiated in the CGI of interest and any of the reference CGIs. Any MS requesting
a dedicated channel will trigger this process.

2. The RACH signal is received by a BTS and the BTS sends a Channel Required
message to the BSC and AMS {Abis monitering system). The Channcl Required
message contains the RFN data of the target CGLL

3, The I.ocation Gateway (T.07) semds an RFN Syne Query message (o the AMS, and
the AMS responds with an RI'N Syne Response, which contains a set of CGI,
ARTFCN, RT'N, and Abis TS data.

4. The LG then sends an Enhanced 8yne Manitor (AFRCN int) message to the
LMUs, which are taskad to find 51 multiframse boundaries, relative to GPS time,
on the beacon channe] provided.

5. The LMUs respond to the LG with a GSM Sync Report (syncType=cnhanced)
message. The LG performs a final cateulation to find an adjusted RFN mapping to
GPS timestamp. This mapping is recerded in a synchronization table of the LG.

6. The process is repeated for other CGls of interest.

Uplink Demodulation Limited

[0093] The second performance limiting factor is the ability to demodulatc the uplink
transmission from the mobile station. This is needed to derive a reference signal that is then used
to make the TDOA measurements at the cooperating L MUs,

[0094] When LMUs are deployed al every el site, the LMU at the site on which the
call or non-call related messaging is transmitted can easily demodulate the uplink signal. When
sparse deployment is used, then the uplink signal for ealls placed on cells where LMUs are not
deployed should be demeodulated by LMUs ai neighboring sites. i the ratio of LMUs deployed
oets too low, then there will be cells for which no LM s cepable of demodulating uplink
sighals refated to calls placed on that ccll. In thal casc, calls placed on those cells may not be
located. Thig deployment is suid w be Uplink Demed alation Limiled.

Accuracy Limited

[0095] In some cases, the U-TDOA deploviment can be Accuracy Limited even though
not Uplink Demodulation Limited or Downlink Beacon Thscovery Limited. The cause of
accuracy limited U-TDOA deployments is primarily the Geometric Dilution of Precision
(GDOP). Common to all multi-lateration systems, the GDOP arises in the wireless TDOA LMU
deployment fror the shallowness of the angles at which the TDOA-generated hyperbola
intercept. If the effect of the GDOP multiplicr renders Lhe localion error in an area beyond design

specifications, then the area is Accuracy Limitea. Figare 5 shows an illustrative example of a
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sparsed U-TDOA network with the TDOA hyperbolas widened by the timing and measurement
errors induced by the radio multipath environment and the various timing and measurement
errots in a real U-TDOA system.

10096] Additional LMU deployments beyend the service area may be used to lower the
GDOP within the service area, thus removing the Accuracy Limited areas. Other techniques for
dealing with Accuracy Limited areas in a U-TDOA system include the addition of hybrid
location technalopgies.

[0097] Figure 3D, Step 314, shows the additfon of Enhanced Cell-ID (ECID) to the U-
TTIOA system to compensate for the predicted Accuracy Limited areas. In a U-TDOA system,
fallback to in situ wircless network-based location techniques is possible. "These nelwork-based
location techniques include using the Cell-1D or Cell-ID with sector to gencrate a location based
on the SMLC’s knowledge of the underlying geography of the service area and the tapology of
the wireless network.

[0098] The use of radio propagation delay information (“timing advance” or “round-
rip-time™) and mobile-generated bracon pewer measurcments can be ceffective (if available),
with the SMLC’s knowledge of the BTS beacon power levels, to refine a hasic Cell-ID/sector
location. This technique, Enhanced Cell ID (ECIDY, is a potential accuracy improvement over
the basic Cell-ID techniques. ECID location is achieved by using additional Timing Advance
(TA) and Power Measurement (PM) information derived from the wireless network to create a
location. Use of cell-id (CGI) and timing advance (TA) as a fall-back is inherent in ECID
caleulations since both the CGI and TA are available 10 the SMILC regardiess of the number or
uscfulness of beacon power measurements available in the Network Measurement Report
{NMR). These network-based approaches to location are known to those skilled in the art as are
the statistical methads nsed in the attempt to improve accuracy using historical usage data and
radio propagetion models.

[0099] In a sparse U-TDOA deployment, U-TDXOA covarage s expeeted to provide
sulficient perforinance over the majority of the service arca, However, lecation coverage holes
{arcas of insufficient or non-existent accuracy) may exist due to the limitations of downlink
beacon discovery, uplink demodulation issues inherent In a sparse U-TDOA network, and the
fickle, if not capricious, nature of the radio environment.

[0100] One remedy to a coverage hole (4 geographic area where the TDOA systen 1s
accuracy limited) is the installation of an additional LMU. This approach, which is shown at Step
308 of Figure 3G as well as Step 308 of Figure 3D {Accuracy Limited), will raise the
deployment (LMU:BTS) ratio. If this approach s not satisfactory to the wireless operator, a
hybrid U-TDOA/ECID system may be deployed. [n addition 1o potentially curing the lack-of-
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location-coverage issuc, deployment of the hytrid U-TDOA/ECID system allows for location
quality-of-service differentiation for offered location-bascd scrvices (LBS) applications. ECID is
especially useful for LBS applications requining low 0 medium accuracy with periodic updates,
such as tracking while the mobile device 13 on conversation state.

[0101] Since the signal collection for an ECID location is performed at the mobile
device using the higher-powered forward (BL'S-to-mobile device) channel, BCID performance is
independent of the performance limiting factors resulting Fom the sparscly deployed reverse-
channel colleeting U-TDOA deployment.

[0102] GSM ECID is a cell and scelar (G bused approach coupled with a range
difference-of-arrival measurement (PDOA)). In addition to the serving cell, the sector (if any)
and the timing advance, the transmit power of each beacon in the network should be known and
the location of each serving sector {transmit antenna} should be known by the SMLC to corrcetly
calculate the PDOA. As an alternative to the PDOA caleulation, a database of beacon strengths
for a calibrated grid can be used with pattern matching. The grid within a serving cell or sector
may be calibrated by recording mobile beacon reception patterns or by sophisticated radio
propagation models. ‘

[0103) ECID is also a method unique’y suited for medium accuracy location on the
border area between differing U-TDOA scrvice arcas or networks. Border areas are where U-
TDOA acenracy is likely to be poor due to wide cell spacing und poor network topulogy, which
resulting in high GDOP. The widc cell spacing results from operator inclinations to put border
areas in sparsely served areas. The poor network topulogy 1s the result of the differing U-TDOA
networks being deployed on a sharp linear houndary. Borders in U-1'DOA service areas can
result from operator communications newwork deployment boundaries, inability of U-TDOA
netwaorks to share EMU-developed THCOA informatinn, ot the operator’s election to use two or
more vendors to provide H-TDOA-based wircless lovasion systetns,

{0104} Since, with ECID, the riobile receiver acts as t1e point of signal collection,
beacon radio power can be collected by the mobile [rom both (he serving network sod the
adjacent network. The SMLC awareness of the adjacent retwork transmitter locations and
frequencies, as collected by the serving network LMU-based downlink beacon receivers, allows
for the adjacent network received beacons 1o be used for the ECID location calculation without
reliance on interoperating LMUs based cn the adjacent area or network.

[0105] Figure 3D, Step 315, shows the addition of AcA to the U-TDOA systcm to
combat the accuracy limited performunce. Sce U.S. Patent Nos. 6,108,555 (Aug. 22, 2000) and

[
3
|
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6,119,013 (Sept. 12, 2000), both or which are entitled “Enhanced Time Difference Tocalization

Swstem™.

Improving Downlink Beacen Discovery Limited Performance

[0106] In un-synchionized networks, such ws (GGSM or UMTS, in which the
(ransmission time offsets of the signals radiated by one bage station relative to another are
unknown, LMUs should monitor beacon timing 1o determine the frame timing. When LMU
deployments are less than 1:1 (BTS: LML, the timing of u ¢ell”s radio transimissions should be
determined not by a resident 1. MU but rather should be determined from an LMU in an adjacent
or Rurther cell.

[0107] The following are techniques to facilitate downlink beacon discovery in sparsed

deployments.

Enhanced Downlink Antenna (Step 305 in Figare 3B)

[0108] When the performance limiting factor is Downlink Beacon Discovery, then the
first and least expensive option is the addition of enhanced downlink antennae to the LMU sites
identified in proximity of the performance limited areas. Use of zn enhanced downlink receive
antenna allows the LMU 1o better detect and demodulate the beacon (the BCCH in GSM)
broadcasts from surrounding cells and seclors in a sparsed deployment. Deployment of the
downlink antenna can be accomplished via direct mounting to the .MU, but antennas mounted
on base station exteriors or on the cell towver provide less attennzted environments and therefore
better reception.

[0109] However, downlink antcnnas can siffer from too little attenuation as well as too
much, Downlink rcceivers can suffer from the [ael thal the beacons are transmitied at such high
power. For example, if an LMU (along with it's reeeive antenma) is located at or near one BTS,
the beacons from that BTS will be reecived at vory high pewer. Beeause of the nature of the
GSM waveform, a significant portion of the energy from lhose beacons spillover indo the
adjacent frequency channels. If nearby sites (hal du nol have LMUs located al them (sparsed
sitcs) have their beacons transmitting on one of these adjacent channels, then the spillover from
the strong local beacon can make it very difficult to detect and dzmedulate the weaker beacon
from the remote site.

[0110] In addition to the adjacent churnel problem, in some instances (like roof top
deployments where the LMU downlink receive antenna is placed in close proximity to the
carrier’s transmit antenna) the local beacons are so strong that they saturate the front end of the

LMU, thus making it impossible to detect any remote beacons even if they are not on adjacent
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channels. In this scenario, success may be had by introducing an inexpensive line attenuator to
reduce the received signal level at the LMU’s downlink receiver so that it is no longer driven
into saturation. Line attenuation can result in many remotc Beacons being discovered that were
previously undiscovered.

[0111] Besides optimizing physical antenna placernent and the application of line
allenuulors, @ third techmiyue, that of he gpplication of progranmmuble noleh Glters (o the anlemmy
feed, can be used. By filtering out the frequency(s) from the co-located, host B1'S, the saturation
issue is mitigated without degradation of remote beacon reception. In this approach,
programmable filters are necessary due to the mereurial nature of the operator’s frequency
planning and the need to adjust to new fequeney allucations that include the host BLS.

Link Monitoring for Enhanced Beacon Synchronization (Step 312 of Figure 3C)

[6112]  As disclosed in U.S. Pazent Ne. 0,782,204, August 24, 2004, “Monitoring of
Call Information in a Wireless Location System,” anc further expanded in U.S. Published Patent
Application 20060003775, filed June 10, 2003, “Advanced Triggers for Location-based Service
Applications in a Wireless Location Sys:em,” an Abis Manitoring Systern (AMS) or Link
Monitoring System (LMS) can be deployed in conjunction with the wircless location system to
supply a passive means of triggeting the location system. As cost savings measures, an ovetlay
LMS may be deployed to monitor the Abis (BT 5-t0-BSC) link onky or the required LMS
functionality may be incorporated dircetly into the BSC. Tae deployment of the AMS or LMS
functionality allows for certain techniques altowing “or lower LMU deployment densitics.

[0113] The Enhanced Beacon Synchranization (eature employs an TMS or AMS o
monitor the Abis links of the BTS units involved, and to access the GSM Frane Number
information quickly and reliably, reducing latency and improving system throughput. This
enhanced synchronization technigue incrzases the svstem sensitivity to discovering GSM
beacons and their respective mapping to GPS time. Using this technique, the Abis monitor will
provide synchronization information that will partialty deseribe the mapping of the absolute
frame number {FN) to GI'S time. The parameters providec by the LMS contain the RFN
{reduced frame number, T1°, T2, T3), the partdal description of GSM frame number. This
information will be combined with obscrvations and calculations madc directly by LMUs
monitoring the downlink path to further converge on the 1iming solution.

[0114] Specifically, “beacon synchronization™ is the method by which the system
dctermines the absolute frame time reference used by a particular CGI - - the absclute time
reference is used to determine the super-frame scquence as a function of time. A U-TDOA
system relies upon precisc knowledge of the tinting of the Frame Number {FN) to properly

collect the frequency-hopped signals on the correct channel at the correct time. Enhanced beacon
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synchronization uses coarse Frame Number (FIN) measwements from the LMS, combined with a

detection process on the downlink, which allows heacon timing to be measured at signal-to-noise

ratios (SNRs) that arc 11 dB lower than with normal downlink beacon monitoring. This

improved sensitivity allows beacons to be detected by more distant LMUs, facilitating more

sparse LMU deployment.

[01F5]  ‘The general function of delermining absolule (rame tming reference beging

during the basic Beacon Synchronization provess. The EMU performs a four-siep process Lo

derive the ming synchronization between GSM framnzs and GPS time:

L

[ 5]

LMU detects the frequency control channei (FCCH), which Is used to correcl for
Trequeney oflsel in the BTS.

. LMU detects the synchronization channel {SCH) to derive accurate timing. While the

LMU knows the frame timing, it does not know the absolute frame number or which

cell is transmitting {CGI).

. LMU demodulates the broadcast control ¢aanncl {BCCH) and dccodes the frame

number and the CGL Note that demodulation of the signal relies upon a significantly

higher SNR than Steps 1 and 2 above, since detection is easier than demodulation.

. This absolute frame timing reference is available for TMUs to aid in the collection of

signals in the U-TDOA location process.

[0116] The Enhanced Beacon Synchronization builds e the basic Beacon

Synchronization process as follows:

1.

(V%)

The AMS provides multiple measurements for each BTS on which the enhanced

process 1s needed. These measurcments inelude the CGL

. Correlation of these messages is performed to derive a reduced frame number (16 out

of the 22 bits needed to represent ihe {ull frame number) and a rough estimate of the

timing synchrenization between (G8M frames and (GPS ime.

. The reduced frame number (16 cut of 22 bits) infarmation is sent to the LM, which

then performs the FCCH and SCH detections (steps 1 and 2 above) and returns the
accurate time alignment. Since the LMU no longer has to demodulate the BCCH

channel, detection can be performed at lower SNRs.

. The accurate timing provided by the LMU is combined with the reduced frame

number previously computed. This Frame Wumber is then available to aid in the

signal collection by the LMUs for location.

3027716_1.D0C -36 -

COMS ID No: ARCS-309867 Received by IP Australia: Time (H:m) 13:09 Date (Y-M-d) 2011-02-15

-38-




A J Park 15/02/2011 2:38:32 p.m. PAGE 52/061 Fax Server

15 Feb 2011

2008243003

Pownlink Only LMU deployments (Step 311 of Figure 3C)

[0117] One technique for increasing the location system performance in Downlink
Beacen Discovery limited areas is the targeted installation of downtink-only LMU units. A low-
ocost, easily-installed receiver unit is deployed to measure downlink beacon timing in cell sites
withoul an LMU deployed using the process shown in Figure 4. By decreasing the number of
LMUs deployed and installing units that provide beacon discovery (but are not capable of
cooperating in location processing) 1o fil! in beacon coverage “holes”, a lower overall system
cost is attained. This unit may usc a wired or wireless backhaul tw the SMLC or 10 another LMU
lor forwarding to the SMLC. The backliaul 1s yrelevant to the tiong collection, so variable link
latencies will not affect operation.

10118] The downlink LMU can be used to collest raw timing data ot be deployed with
a GPS module allowing for an offset from GPS systemn to be locally calculated. Deployment with
a GPS module simplifies the process of providing beacon timing offsets, but the GPS module
increases cost and size of the unit and restricts mounting to areas with GPS coverage. Use ofa
local clock source or offsets rom other beacons allows elimination of the GPS module and
saving the cost of the GPS receiver and GPS antenna; aliows more flexible mounting options
(should be able to detect common beacon to deployved LMU) but relics upon the SMLC to
calculate the beacon timing offset from a common chserved heacon.

[0119]  All the beacons could be timed relative W each other, or 10 some other atbittaty
time. This timing approach would be fine for the purposcs of beacon discovery, but does not
generate enough timing accuracy for U-TDOA measurements, se accurate GPS-based timing fs
still required at LMU sites. Beacon discovery can be off by many micro-seconds and sull be
functional, but accurate U-TDOA requires ~235-30 nanoseconds clock accuracy for U-TDOA
calculations.

[0120]  The downlink .MU uni® may use an intemnal antenna, but can support an
external antenna for added gain in sitvations where zn insufficier:t number of beacons are
received,

[0121] The typical unit’s receiver system is single-chanmel with support for multiple
antennas to allow diversity reception. In keeping with the multi-band deployments, the units are
capable of tuning across multiple frequency bands. The receiver unit is designed to support
dowmlink reception only but can be coupled with a wireless transceiver to allow wireless
backhaul. The unit is dedicated to beacon search and reporling of beacon timing or beacon offset

timing from a local clock or in relation to another heacon.
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[0122] In very limited cases, using knowledge of the wireless communications network
gained in the initial analysis, it is possible to usc the co-svachronous clusters to map beacon
timing from a beacon that an LMU can detect to a beacon an LMU cannot detect but is known to
be co-synchronous to a detected beacon. This often applies to scetors within a ccll site but could

also apply to other groups as well if B1'S synchronization via a common clock is used.

Improving Uplink Demodutation Limited Performance (see Figures 3F and 3G}

{0123} If the preliminary network design analysis (Step 303, Figure 3A) shows that the
sparsed U-TDOA deployment is Uplink Demodulation Limited, five techniques can be used to
1nitigate or correct Uplink Demodulation Limited Perfonmance, The first of these techniques
(Step 319, Figure 3F) requires that the wireless network be configured to forward radio messages
or bit sequence(s) from the reverse channel (mobile device-to-Base Station) radio messaging for
re-modulation to the wireless location system into a representative signal for signal correlation
processing.

[0124] The second technique {Step 318, Figure 3F) requires an AMS or LMS and
cxtract bit-sequence(s) from the reverse channel radio messaging for re-modulation into a
representative signal for signal correlation processing.

[0125] The third technique (Step 317, Figure 3F) avoids the need for signal
demadulation and passive monitaring by using only a known hit-sequence in the radio
messaging for signal correlation processing.

[0126] The fourth technique (Step 320, Figure 3G) for combating Uplink Demodulation
Limited areas is the addition of dedicated antenna, or addition of signal processing that combine
npots from all available antenna, to LMUs within or in proximity to the affccted geographic
arca. LMUs are selecled based on the predicted improvement in SNR fot points within the
affecled area and the orthogonality of the resultant TDOA hyperbolads).

[0127} The filth technique (Step 308, Fipure 3G is to add LMU(s) within or in
proximity to the area where the current TDXOA design is Uplink Demodulation Limited, The
MU Jocation is selected based on the data developed from the system design, planning and
cvaluation tools and models previously described.

Forwarded Demodulated Data (Figure 3F, Steps 316 and 319)

[0128] As introduced above, the wireless communications network can sanple and
forward bit scquences that occur on the reverse control and/or traffie radio channel.

[0129] This bit scquenee or sample is then modutated to produce a baseband signal.
This re-modulated baseband signal is thex used as the reference signal. The reference signal can

then be correlated against the recorded received signal at receivirg sites where LMUs are
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deployed to provide TDOA estimates between the ideal reference and received signal at those
sites. (See U.S. Patent No. 5,327,144, July 3, 1994, “Cellufar Telephone Location System.” and
Patent No. 6,047,192, April 4, 2000, “Robust Efficicr:t Localization System”.)

[0130] This technique is especially snited to instances where the LMU functionality has
been incorporated inlo a base stelion ranscelver the bit sequence is quiclly delivered using the
internal B'T'S communications paths. The integration of the TMU with the wireless
communications system eliminates the need and eost of he standalone passive monitoring device
from the wireless location system deployment.

Link Monitoring for Improving Uplink Performance (Figure 3F, Steps 310 and 318)

[0131)  As discussed above, a Tink Moniloring Subsystemn (LMS8) can be used (o supply

a passive means of triggering the location system. The LMS system also allows for certain
techniques allowing for lower LMU deployment densitics by improving the uplink
demodulation performance. In & non-sparse U-TDOA deployment, the reference signal is
normally produced by the LMU resident in the serving cell or an LMU resident in an
adjacent cell. In sparsed deployments, no LML may be able to successfully receive a signal
with sufficient quality to be demodulated with minimal errors. In this casc, the LMS (or
AMS) may be used to capture a bit sequence sample that was included in the signal. This
sample is then re-modulated to produce & baseband signal. This re-modulated baseband
signal is then used as the reference signal. The reference signal can then be correlated apainst
the recorded received signal at receiving sites where 1.MUs are deployed to provide TDOA
cstimates between the ideal reference and received signal at thosc sites. (Sec U.S. Patent No.
5,327,144, July 5, 1994, “Cellular Telephene Location System.”) Again, as noted above,
obtaining the demodulation data from an AMS or other link monitoring sysiem can reduce
the cost/complexity of the LMU, which is sdvantageous even when sparsing is not an issue.

Known Sequence Correlation for Improving Uplink Performance (Step 317, Figurc
3F)

[0132] The successful measurement of TDOA values requires a “clean” (high SNR,
low phasc noisc, low interference, etc.) reference signal with which measured signals from
multiple sites are correlated to provide an estimate of the TDOA between the reference signal
and the signal received at each site. This reference signal is typically acquired in one of two ways
in a non-sparsed U-TDOA network. The first approach is 1o use the received signal at a site that
is close to the mobile (e.g., the serving cell site) as *he reference signal. This approach assumes
that the link budgets are such that the received signal at close-by sites is also fairly clean
(uncotrupted by radio interference or noise). The second approach is to reconstruct an ideal

reference signal by demodulating (and if necessary, decoding) the received signal at one site,
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then using this data to generate the expected waveform at the received site. This approach
assumes the signal is received at one or more sites with sufficient quality to be demodulated with
minimal errors.

[0133] In the case of a sparsed LMU deployment, it is possiblc that neither of these
approaches will provide an adeyuale reference signal. This scenario can be caused by the mobile
being ut a localion such thal no LMUs receive a high quality signal from the mobile station. In
this case, the first approach resulis in a low SNR signe] that does not serve as a good reference
signal. Since the quality of the signal is pour at all sites where LMUs ave deployed, the sceond
approach of reconstructing a reference will also fail becauss the poor quality signal canniot be
reliably demodulaled (likely to have many bit errors).

[0134] Many waveforms, however, have known pattorns (c.g., Training Sequence Code
in Mid-amble of GSM, Synch and DVCC in IS-136, etc.) that arz transmitted along with the
uknown user data to aid in acquisition, synchronization, and/or equalization. With prior
knowledge of thesc patterns, an ideal reference can e generated that represents the expected
received waveform associated with these known fields. This reference can then be correlated
against the recejved signal at receiving sites where IMUs are deployed to provide TDOA
estimates between the ideal reference and received signal at those sites. {See U.S. Patent No.

6,047,192, April 4, 2000, “Robust, Efficient, Localization System.”)

D. Conclusion

[0135] The true scope the present invention s not limited Lo the presently preferred
embodiments disclosed herein. For example, the foregoing disclosure of a presently preferred
embodiment of a Wireless T.ocation Sysiem uses explanatory terms, such as Signal Collection
System (SCS), TDOA Tocation Processor (TLP), Applications Processor (AP, Location
Measuring Unit (LMU), and the like, which should noet be construed so as to limit the scope of
protection of the following claims, or to otherwise imply that the inventive aspects of the
Wircless Location System are limited to the particula~ methads and apparatus disclosed.
Moreover, as will be understood by thase skilled in the art, many of the inventive aspects
disclosed hercin may be applied in Jocation systems that are not based on TDOA techniques. For
example, the invention is not limited to systems employing SCS’s constructed as described
above. The SCS’s, TLP’s, efc. are, in essence, programmable data collection and processing
devices that could take a variety of forms without departing from the inventive concepls
disclosed herein. Given the rapidly decliming cost of digital signal processing and other
processing functions, it is easily possible, for example, to transfer the processing for a particular

function from one of the functional elements (such as the TLP) described herein to another
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functional element (such as thc SCS) without changing the inventive operation of the system. In
many cases, the place of implementation (i.e., the finctioral element) described herein is merely
a designer’s preference and not a hard requirernent. Accordingly, except as they may be

expressly so limited. the scope of protection of the following claims is not intended to be limited

to the specific embodiments described above.
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What is Claimed:

1. An iterative method for designing & sparse wireless location system (WLS) from an
initial network design, comprising:

performing a preliminary network design anafysis to determine that at least one of the
following performance limiting factors affcels said inilial network design: downlink beacon
discovery, accuracy, and uplink demodulation; and

modifying the initial network design based ez the performance Hmiting factor determined

as affecting said initial network design.

2. A method as reeited in claim 1, wherein said WLS comprises an uplink time difference
of anrival (U-TDOA) system including a plurality of geographically dispersed location

measwring units (LMUs).

3. A method as recited in claim 1, wherein said WLS is overlaid on a GSM wircless
communications system comprising a plurality of gecgraphically dispersed base transceiver

stations (BTSs).

4, A method as recited in claim 1, further comprising identifying at least one cluster of
co-synchronized cell sectors and performing an intell:gent network design process to produce

said initial network design.

5. A method as recited in claim 1, further comprising modifying the initial networl:
design by performing at least one of the following actions hased on a determination that the
performance limiting factor affecting the initial network design is accuracy:

increasing an integration time at one or more location measuring units (LMUs),

deploying a hybrid time difference of arrival {TDOA) enhanced cell identification
(ECID) focation process in the WLS;

deploying a hybrid time TDOA/ angle of amival {AoA) location process in the WLS; and

adding at least one LMU to the netwerk design.

6. A method as recited in claim 1, further coraprising removing at least one location
measuring unit (LMU) from the network design based on a determination that no performance

limiting factor alfects the inilial network design.
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7. A method as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial network design is

downlink beacon discovery: deploying at least one enhanced downlink antenna.

8. A method as recited in claim [, fusther comprising the following step based on a
determination that the performance limiling kaclor altecling the initial network design is

downlink beacon discovery: deploying downtink inferference cancellation.

9. A method as recited in claim |, further comprising the following step based on a
determination that the performance Eniting laclor alTeciing the inlal network design is

downlink beacon discovery: deploying base transceiver station (BTS) synchronization.

10. A method as recited 1o claim 1, lurther comprising the following step based on a
determination that the performance ¥ miting factor affecting the initial network design is
downlink beacon discovery: adding at least one locetion measuring unit (LMU) to the network

design.

11. A method as recited in claim 1, further comprising the following step based on a
determination that the performance Himiting lactor affecting the initial network design is
downlink beacon discovery: determining that an Abis monitoring system (AMS) is not deployed,
and then deploying at least one downlink-only locaticn measuring vnit (LMU) at an identified

site.

12. A method as recited in claim 1, farther comprising the following step based on a
determination that the performance limiting factor affecting the initial network design is
downlink beacon discovery: detenmining thal an Abis moenitoring system (AMS) is deployed,
and then enabling the use of Enhanced Boacon Synchronization (EBS) and AMS-derived beacon

timing functions.

13. A methed as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial network design is uplink
demodulation: determining that communications system aemodulation data is enabled, and

enabling a demodulated data feature.
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14. A method as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial retwork design is uplink
demodulation; determining that communications system demodulation data is not enabled, and
determining that an Abis monitoring sysiem (AMS) is nov deploved and enabling a mid-amble

only correciion feature.

15. A method as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial retwork design is uplink
demodulation; determining that communications system demodulation data is not enabled, and
determining that an Abis monitoring system (AMS) is deployed und enabling an AMS-derived
demodulated data feature.

16. A mcthod as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial network design is uplink

demodulation: adding at least one location measuring unit (LML) to the network design.

17. A method as recited in claim 1, further comprising the following step based on a
determination that the performance limiting factor affecting the initial retwork design is uplink

demodulation: adding at least one dedicatad antenna facility to the netwark design.

18. A software tool stored on a computer readable medium, comprising computer
readable instructions for catrying out an iterative method for designing a sparse uplink time
difference of arrival (U-TDOA) wireless location system (WLS) including a plurality of
geographically dispersed location measuring units (LhUs}, wherein said WLS is overluid on a
GSM wircless communications system comprising & plurality of geographically dispersed base
transceiver stations (B'1'Ss), said iterative method comprising:

providing an initial network design;

determining that at least one of the following performenee imiting fuctors aflects said
initial network design: downlink beacon discovery, accuracy, and uplink demodulation; and

modifying the initial network design Sased on the performance limiting factor determined

as affecting said initial network design.
19. An iterative method for designing a sparse wireless location system (WLS) based on
ar: initial network design, wherein said WLS comprises an uplink time difference of arrival (U-

TDOA) system including a plurality of geographically dispersed localion measuring units
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(LMUs) and said WLS is overlaid on a GSM wireless communications system comprising a
plurality of geographically dispersed hase transceiver stations {(BTSs), comprising:

(a) performing a preliminary network design analysis to determine that at least one of the
following performance limiting factors affcets said initial network design: downhnk beacon
discovery, accuracy, and uplink demodulation; and

(b) modifving the initial network design based on the performance limiting factor
determined as affecting the initial network design, wherein said modifyimg comprises the
following:

(1) when the performance limiting factor is accureey, one or more of the
following meodifications is perforined:

increasing an integration time at one or more jocation measuring units (T.MUs);

deploying a hyhrid time difference of arrival (TDQA)/ enhanced cell
identification (ECID) location process in the WLS;

deploying a hybrid time TDOA/ angle of arrival (AoA) location process in the
WLS; and

adding at least onc LMU to the network design;

(2) when the performance limiting factor is downlink beacon discovery, one or
more of the following modifications is performed:

deploying at least one enhanced downlink amenna;

deploying downlink inlerference cancellativn;

deploying basc transeeiver station (131S) synchronization;

adding at least one location measuring unit (LMU} to the network design:

determining that an Abis moniloring system (AMS) s not deployed, and then
deploying at least one downlink-only location measueing unit (LMU) at an identified site;
and

determining that an Abis monitoring system (AMS) is deployed, and then
enabling the use of Enhanced Beacon Svnchronization (EBS) and AMS-derived beacon
timing [unclions;

(3} when the performance limiting factor is uplink demodulation, one or more of
the following modifications is performed:

determining that communications system demodulation data is enabled, and
enabling a demodulated data feature;

determining that communications system dernodulation data is not enabled, and
determining that an Abis monitoring system {AMS) is not deployed and enabling a mid-

amble only correction feature;
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determining that communications system demodulation data is not enabled, and
dctermining that an Abis monitoring system {AMS) is deployed and enabling an AMS-
derived demodulated data feature;

adding at lcast onc location measuring unit (LMU) to the network design; and

adding at least one dedicated antenna facility to the network design.

20. A method as recited in claim 1 or ¢laim 19, the methed being substantially as

hereinbefore described with referenee (o the accompanying drawings,

21. A software too] as recited in claim 18, said iterative method being substantially as

hercinbefore described with reference to the accompanying drawings.
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