UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT
CONFIRMATION NO. 6799
79172 POWER OF ATTORNEY NOTICE
Duane Morris LLP
505 9th Street, N.W. O O O A
Suite 1000 000000121344919

Washington, DC 20004
Date Mailed: 11/17/2020

NOTICE REGARDING CHANGE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 11/09/2020.

* The Power of Attorney to you in this application has been revoked by the assignee who has intervened as
provided by 37 CFR 3.71. Future correspondence will be mailed to the new address of record(37 CFR 1.33).

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT
CONFIRMATION NO. 6799
135878 POA ACCEPTANCE LETTER
Fogg & Powers LLC/Commscope
4600 W 77th St IO O R
Suite 305 00000012134493

Minneapolis, MN 55435
Date Mailed: 11/17/2020

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 11/09/2020.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/dgela/
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PTQIAIABE (G7-15)
Approved for use raugh RG24 OME 0681-0028
NTOF COMMERCE

Lo,

Under the Paperwork Reguction Ack of 1888, o persons are

POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO

{ hereby revoke aff previous powers of attornay given in the spplication identifiad iy ihe altached statament
unger 37 CFR 3,73 (¢},
{ heraby appoint:
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R
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Rama Registeation Kawses Ragistration .
Number Mumbar

As attornay(s) or ageniis) to represent the undersigned before the United States Patent and Trademark Offics (USPTO) i connection with
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attached 1o this form in gccerdance with 37 OFR 8,734
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GHXNATURE of Assignes of Record

(\ e individual whose signatyre amd title is supplisd below is authorized to act on the behall of the assignes
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comments on the amouwnt of Tme you require (o complete tis form andfor suggestions 1or reducing this burden, s
LS. Patent snd Trademark Office, U8, Dapartmeant of Commierce, .0, Bax 1450, Alsxandiis, VA
S TO THIS ADDRESS. SEND TO: Corsssisniones fov Patenis, P.O. Box 1486, Mexandria, VA 22393-1480,
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nfermation § raguired {0 obisin o reflin s benelit by the pubiiic whict is to file {and
3 ang 1,14, This colfection i estimaied foiake 3 minuies
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PTO/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

STATEMENT UNDER 37 CFR 3.73(c)
CommScope Inc. of North Carolina

Applicant/Patent Owner:

Application No./Patent No.: 9,097,784 Filed/Issue Date: 2015-08-04

Titled: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA
CommScope Inc. of North Carolina . a Corporation

(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency, etc.)

states that, for the patent application/patent identified above, it is (choose one of options 1, 2, 3 or 4 below):
1. |Z] The assignee of the entire right, title, and interest.

2. |:| An assignee of less than the entire right, title, and interest (check applicable box):

|_| The extent (by percentage) of its ownership interest is %. Additional Statement(s) by the owners
holding the balance of the interest must be submitted to account for 100% of the ownership interest.

|:] There are unspecified percentages of ownership. The other parties, including inventors, who together own the entire
right, title and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

3. |:| The assignee of an undivided interest in the entirety (a complete assignment from one of the joint inventors was made).
The other parties, including inventors, who together own the entire right, title, and interest are:

Additional Statement(s) by the owner(s) holding the balance of the interest must be submitted to account for the entire
right, title, and interest.

4. |:| The recipient, via a court proceeding or the like (e.g., bankruptcy, probate), of an undivided interest in the entirety (a
complete transfer of ownership interest was made). The certified document(s) showing the transfer is attached.

The interest identified in option 1, 2 or 3 above (not option 4) is evidenced by either (choose one of options A or B below):

A. |:| An assignment from the inventor(s) of the patent application/patent identified above. The assignment was recorded in
the United States Patent and Trademark Office at Reel , Frame , or for which a copy
thereof is attached.

B. A chain of title from the inventor(s), of the patent application/patent identified above, to the current assignee as follows:

1. From: Martin Alles, John Carlson, George Maher, Selcuk Mazlum 4. CommScope, Inc. of North Carolina

The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
2. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

[Page 1 of 2]
This collection of information is required by 37 CFR 3.73(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to
process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark
Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND
TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completillgg the form, cqll [-800-PT0-9199 and select option 2.

1
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PTO/AIA/96 (08-12)

Approved for use through 01/31/2013. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

STATEMENT UNDER 37 CFR 3.73(c)

3. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel _ ~~~ ,Frame__ , orforwhich a copy thereof is attached.
4. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel _ ~~~ ,Frame__ , orforwhich a copy thereof is attached.
5. From: To:
The document was recorded in the United States Patent and Trademark Office at
Reel , Frame , or for which a copy thereof is attached.
6. From: To:

The document was recorded in the United States Patent and Trademark Office at

Reel , Frame , or for which a copy thereof is attached.

|:| Additional documents in the chain of title are listed on a supplemental sheet(s).

As required by 37 CFR 3.73(c)(1)(i), the documentary evidence of the chain of title from the original owner to the
assignee was, or concurrently is being, submitted for recordation pursuant to 37 CFR 3.11.

[NOTE: A separate copy (i.e., a true copy of the original assignment document(s)) must be submitted to Assignment
Division in accordance with 37 CFR Part 3, to record the assignment in the records of the USPTO. See MPEP 302.08]

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee.

/David N Fogg/ November 7, 2020
Signature Date

David N. Fogg 35138

Printed or Typed Name Title or Registration Number

[Page 2 of 2]
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is 35
U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the
information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related
to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark
Office may not be able to process and/or examine your submission, which may result in termination of proceedings
or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1.

The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is
required by the Freedom of Information Act.

A record from this system of records may be disclosed, as a routine use, in the course of presenting
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the
course of settlement negotiations.

A record in this system of records may be disclosed, as a routine use, to a Member of Congress
submitting a request involving an individual, to whom the record pertains, when the individual has
requested assistance from the Member with respect to the subject matter of the record.

A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency
having need for the information in order to perform a contract. Recipients of information shall be required
to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).
A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

A record in this system of records may be disclosed, as a routine use, to another federal agency for
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act
(42 U.S.C. 218(c)).

A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency’s
responsibility to recommend improvements in records management practices and programs, under
authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA
regulations governing inspection of records for this purpose, and any other relevant (i.e., GSA or
Commerce) directive. Such disclosure shall not be used to make determinations about individuals.

A record from this system of records may be disclosed, as a routine use, to the public after either
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C.
151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the
public if the record was filed in an application which became abandoned or in which the proceedings were
terminated and which application is referenced by either a published application, an application open to
public inspection or an issued patent.

A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.

Page 7 of 493



ANDO1 083

1488-
ASSIGNMENT
- Insert Name(s) of .
Inventor(s) Martin ALLES
' John CARLSON
George MAHER
. Selcuk MAZLUM

In consideration for good and valuable considerations, the receipt of which is acknowledged by each

of the undersigned, the undersigned agree(s) to assign, and hereby do(es) assign, transfer and set over to

Insert name of Assignee CommScope, Inc. of North Carolina
Insert address of Assignee 1100 CommScope Place SB.

Hickorx,iNorth-Carolina 28602 - -

and its successors, legal representatives and assigns (hereinafter designatéd as the Assignee) the entire righf,
title and. interest in the invention disclosed and/or claimed in the United States application identified below,
as well as all applications for patent and any Letters Patent which may be gi:an'ted’ therefore in the United
States of America and all foreign countries, and in and to any and all divisions, continuations, continuations-
in-part of said applications, or re-issues or extensions of said patents or Letters Patent, and all rights-under X
the International Convention for the Protection of Industrial Property:

Insert Identification of SYSTEM AND METHOD TO COLLECT AND MODIFY

CALIBRATION DATA

Docket Number, or Foreign Docket No, (ANDO] 083)
 Application Number
Insert date of signing of
application .
Alternative identification Application Number: 60/899.379
for filed applications Filed: February 05, 2007

DM2/1398407.v1

Page 8 of 493 PATENT
REEL: 020791 FRAME: 0691




ANDO1 083
1488

The undersigned further agree(s) to cooperate with the Assignee in every way possible and to do all
affirmative acts, and to execute all papers which counsel for Assignee shall advise are necessary and/or
desirable without charge to Assignee in connection with said applications including, without limitation, the
execution of separate assignments in connection with such apphcatlons, claims or prov1sxons of the

International Convention for Protection of Industrial Property or similar agreements.

The undersigned hereby authorize(s) and request(s) the Commissioner of Paterits to issue any and all
Letters Patent of the United States resulting from said application or any division or divisions or continuing
applications thereof to said Assignee, as Assignee of thé entire inferest, and hereby covenants that he/she has
. (they have) full right to convey the entire interest herein assigned, and that he/she has (they have) not

executed and will not execute, any agreement in conflict herewith,

The undersigned hereby grant(s) to Mark C. Comtois, Reg, No. 46,285; D. Joseph English, Reg. No.
42,514; and Patrick D. McPherson, Reg. No. 46,255 the power to insert on this assignment any further
identification which may be necessary or desirable in order to comply with the rules of the United States

Patent Office for recordation of this document,

In witness whereof, executed by the undersigned on the date(s) opposite the undersigned name(s).

Date 4 V/” /’/pf | Slgnature of Inventor %M%/ ML

MARTIN ALLBSF———

Date 4; /47 /0 f Signature of Inventor

yaHN CARLSON
Date 3 / 2/ /7' w8 Signature of Inventor
o GHORGE MAHER
Date ___ 3/31] 200% Signature of Inventor Q K
SELCUK MAZLUM
Page 9 of 493 PATENT
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Electronic Acknowledgement Receipt

EFS ID: 41071273
Application Number: 14518868
International Application Number:
Confirmation Number: 6799

Title of Invention:

SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

First Named Inventor/Applicant Name:

Martin Alles

Customer Number:

79172

Filer:

David Fogg/Judy Fan

Filer Authorized By:

David Fogg

Attorney Docket Number: ANDO1 083 CONT
Receipt Date: 09-NOV-2020
Filing Date: 20-0CT-2014
Time Stamp: 17:51:46

Application Type:

Utility under 35 USC 111{(a)

Payment information:

Submitted with Payment no
File Listing:
Document Document Description File Name File Size( B){tes)/ Multl- 'Pages
Number Message Digest | Part/.zip| (ifappl.)
395345
1 Power of Attorney 00939461.pdf no 2
600bd2e284d758cbe059d 1acb6d7d05df8

677953

Warnings:
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Information:

208442
5 Assignee showing of ownership per 37 00939464.pdf o 5
CFR3.73
7271c5cf46d3531051465974b6a34c1267e
41be6
Warnings:
Information:
Total Files Size (in bytes): 603787

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810}, a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
14/518,868 08/04/2015 9097784 ANDO1 083 CONT 6799
79172 7590 07/15/2015
Duane Morris LLP
505 9th Street, N.W.
Suite 1000

Washington, DC 20004

ISSUE NOTIFICATION

The projected patent number and issue date are specified above.

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment is O day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information
Retrieval (PAIR) WEB site (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee
payments should be directed to the Application Assistance Unit (AAU) of the Office of Data Management
(ODM) at (571)-272-4200.

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants):

Martin Alles, Vienna, VA;
Andrew LLC, Hickory, NC
John Carlson, Dulles, VA;
George Maher, Herndon, VA;
Selcuk Mazlum, Leesburg, VA;

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

Page 12 of 493
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE
Commlssmner for Patents
P.O.Box 1
Alexandria, Virginia 22313-1450
or Fax (571)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where
ppropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
1cated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

malntenance fee notifications.

Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) apers. Each additional paper, such as an assignment or formal drawing, must
Eave its own certificate of mailing or transmission.

Certificate of Mailing or Transmission

79172 , 7590 06/19/2015 I hereby certify that this Fee(s) Transmittal is being deposited with the United
Duane Morris LLP States Postal Service with sufficient postage for first class mail in an envelope
postag P
505 9th Street. N.W addressed to the Mail Stop ISSUE FEE address above, or being facsimile
- rect, INVY. transmitted to the USPTO (571) 273-2885, on the date indicated below.
Suite 1000 -
Washington, DC 20004 (Depositors name)
(Signature)
(Date)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT 6799
TITLE OF INVENTION: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA
| APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE
nonprovisional UNDISCOUNTED $960 $0 $0 $960 09/21/2015

| EXAMINER | ART UNIT | CLASS-SUBCLASS |
SABOURI, MAZDA 2641 455-456100
1. Change of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list .
CFR 1.363). 1 Duane Morris LLP

(1) The names of up to 3 registered patent attorneys
| Chan%e of correspondence address (or Change of Correspondence or agents OR, alternatively,

Address form PTO/SB/122) attached. 2
(2) The name of a single firm (having as a member a

[ "Fee Address" indication (or "Fee Address” Indication form registered attorney or agent) and the names of up to

PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 2 registered patent attorneys or agents. If no name is 3

Number is required. listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)

CommScope Technologies LILC Hickory, North Carolina

Please check the appropriate assignee category or categories (will not be printed on the patent) : [ individuat A Corporation or other private group entity [ Government

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)
Issue Fee [ A check is enclosed.
[ Publication Fee (No small entity discount permitted) | Payment by credit card. Form PTO-2038 is attached.
(] Advance Order - # of Copies B] The director is hereby authorized to charge the regulred fee(s), any deficiency, or credits any

overpayment, to Deposit Account Number © (enclose an extra copy of this form).

5. Change in Entity Status (from status indicated above)

d Applicant certifying micro entity status. See 37 CFR 1.29 NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue
fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

| Applicant asserting small entity status. See 37 CFR 1.27 NOTE: If the application was previously under micro entity status, checking this box will be taken
to be a notification of loss of entitlement to micro entity status.

| Applicant changing to regular undiscounted fee status. NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro

entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature /Mark C. Comtois/ Date 30 June 2015

Typed or printed name Mark C. Comtois Registration No. 46,285

Pdyge: 13i0F 493
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Electronic Patent Application Fee Transmittal

Application Number: 14518868

Filing Date: 20-Oct-2014

Title of Invention: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA
First Named Inventor/Applicant Name: Martin Alles

Filer: Mark Charles Comtois/laureen ponder

Attorney Docket Number: ANDO1 083 CONT

Filed as Large Entity

Filing Fees for Utility under 35 USC111(a)

Description Fee Code Quantity Amount Sullaj-s'l's(tsa)l in

Basic Filing:
Pages:
Claims:
Miscellaneous-Filing:
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:

Utility Appl Issue Fee 1501 1 960 960
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Description Fee Code Quantity Amount SU{JJ-STS::; in
Extension-of-Time:
Miscellaneous:
Total in USD ($) 960
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Electronic Acknowledgement Receipt

EFSID: 22783537
Application Number: 14518868
International Application Number:
Confirmation Number: 6799
Title of Invention: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA
First Named Inventor/Applicant Name: Martin Alles
Customer Number: 79172
Filer: Mark Charles Comtois/laureen ponder
Filer Authorized By: Mark Charles Comtois
Attorney Docket Number: ANDO1 083 CONT
Receipt Date: 30-JUN-2015
Filing Date: 20-0CT-2014
Time Stamp: 12:11:18
Application Type: Utility under 35 USC 111(a)
Payment information:
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.Uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

| EXAMINER |
79172 7590 06/19/2015
Duane Morris LLLP SABOURI, MAZDA
505 9th Street, N.W.
Suite 1000 | ART UNIT PAPERNUMBER |
Washington, DC 20004 2641
DATE MAILED: 06/19/2015
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. |  CONFIRMATION NO.
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT 6799

TITLE OF INVENTION: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional UNDISCOUNTED $960 $0 $0 $960 09/21/2015

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES
NOT REFLECT A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS
PREVIOUSLY BEEN PAID IN THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM
WILL BE CONSIDERED A REQUEST TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW
DUE.

HOW TO REPLY TO THIS NOTICE:

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity
fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing
the paper as an equivalent of Part B.

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to
Mail Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Utility patents issuing on applications filed on or after Dec. 12, 1980 may require payment of
maintenance fees. It is patentee's responsibility to ensure timely payment of maintenance fees when due.
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE

Commlssmner for Patents

P.O.Box 1

Alexandria, Virginia 22313-1450
or Fax (571)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where
ppropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
1cated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

malntenance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

Note: A certificate of mailing can only be used for domestic mailings of the

Fee(s) Transmittal. This certificate cannot be used for any other accompanying

Eapers. Each additional paper, such as an assignment or formal drawing, must
ave its own certificate of mailing or transmission.

Certificate of Mailing or Transmission

79172 , 7590 06/19/2015 I hereby certify that this Fee(s) Transmittal is being deposited with the United
Duane Morris LLP States Postal Service with sufficient postage for first class mail in an envelope
postag P
505 9th Street. N.W addressed to the Mail Stop ISSUE FEE address above, or being facsimile
- rect, INVY. transmitted to the USPTO (571) 273-2885, on the date indicated below.
Suite 1000 -
Washington, DC 20004 (Depositors name)
(Signature)
(Date)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT 6799
TITLE OF INVENTION: SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA
| APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE
nonprovisional UNDISCOUNTED $960 $0 $0 $960 09/21/2015
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
SABOURI, MAZDA 2641 455-456100

1. Change of correspondence address or indication of "Fee Address" (37
CFR 1.363).

| Chan%e of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.

[ "Eee Address" indication (or "Fee Address" Indication form
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer
Number is required.

2. For printing on the patent front page, list
1

(1) The names of up to 3 registered patent attorneys
or agents OR, alternatively,

(2) The name of a single firm (having as a member a 2

registered attorney or agent) and the names of up to
2 registered patent attorneys or agents. If no name is 3
listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

Please check the appropriate assignee category or categories (will not be printed on the patent) : [ ndividuat Corporation or other private group entity [ Government

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)

[ Issue Fee
[ Publication Fee (No small entity discount permitted)
[ Advance Order - # of Copies

[ A check is enclosed.
| Payment by credit card. Form PTO-2038 is attached.

(1 The director is hereby authorized to charge the required fee(s), any deficiency, or credits any
overpayment, to Deposit Account Number (enclose an extra copy of this form).

5. Change in Entity Status (from status indicated above)
| Applicant certifying micro entity status. See 37 CFR 1.29

| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue
fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

NOTE: If the application was previously under micro entity status, checking this box will be taken
to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro
entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature

Date

Typed or printed name

Registration No.

PTOL-85 Part B (10-13) Approved for use through 10/31/2013.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.Uspto.gov

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT 6799
| EXAMINER |
79172 7590 06/19/2015
Duane Morris LLLP SABOURI, MAZDA
505 9th Street, N.W.
Suite 1000 | ART UNIT PAPERNUMBER |
Washington, DC 20004 2641

DATE MAILED: 06/19/2015

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the
requirement that the Office provide a patent term adjustment determination with the notice of allowance. See
Revisions to Patent Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer
providing an initial patent term adjustment determination with the notice of allowance. The Office will continue to
provide a patent term adjustment determination with the Issue Notification Letter that is mailed to applicant
approximately three weeks prior to the issue date of the patent, and will include the patent term adjustment on the
patent. Any request for reconsideration of the patent term adjustment determination (or reinstatement of patent term
adjustment) should follow the process outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and
Budget approval before requesting most types of information from the public. When OMB approves an agency
request to collect information from the public, OMB (i) provides a valid OMB Control Number and expiration
date for the agency to display on the instrument that will be used to collect the information and (ii) requires the
agency to inform the public about the OMB Control Number’s legal significance in accordance with 5 CFR
1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete,
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary
depending upon the individual case. Any comments on the amount of time you require to complete this form
and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box
1450, Alexandria, Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to
respond to a collection of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination of
proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is required
by the Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to
comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency's
responsibility to recommend improvements in records management practices and programs, under authority
of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations
governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive.
Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication
of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the
record was filed in an application which became abandoned or in which the proceedings were terminated
and which application is referenced by either a published application, an application open to public
inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO beCOH]SSa Eé“éalﬁ ,Pfoafvd(ég,tion or potential violation of law or regulation.



Application No. Applicant(s)

. . . 14/518,868 ALLES ET AL.
Examiner-Initiated Interview Summary i i
Examiner Art Unit
MAZDA SABOURI 2641

All participants (applicant, applicant’s representative, PTO personnel):

(1) MAZDA SABOURI. (3) .

(2) Mark Comtois. 4.

Date of Interview: 04 June 2015.

Type: [X Telephonic [ Video Conference
[] Personal [copy given to: [] applicant  [] applicant’s representative]

Exhibit shown or demonstration conducted: [] Yes [ No.
If Yes, brief description:

Issues Discussed []101 [J112 [J102 [J103 [XOthers
(For each of the checked box(es) above, please describe below the issue and detailed description of the discussion)
Claim(s) discussed: 1 and 12.

Identification of prior art discussed: Shkedi.

Substance of Interview
(For each issue discussed, provide a detailed description and indicate if agreement was reached. Some topics may include: identification or clarification of a
reference or a portion thereof, claim interpretation, proposed amendments, arguments of any applied references etc...)

Discussed proposed examiner amendments fo put case in condition for allowance. Applicant agreed fo proposed
amendments on 6/10/2015.

Applicant recordation instructions: It is not necessary for applicant to provide a separate record of the substance of interview.

Examiner recordation instructions: Examiners must summarize the substance of any interview of record. A complete and proper recordation of
the substance of an interview should include the items listed in MPEP 713.04 for complete and proper recordation including the identification of the
general thrust of each argument or issue discussed, a general indication of any other pertinent matters discussed regarding patentability and the
general results or outcome of the interview, to include an indication as to whether or not agreement was reached on the issues raised.

[ Attachment

/MAZDA SABOURI/
Primary Examiner, Art Unit 2641

U.S. Patent and Trademark Office
PTOL-413B (Rev. 8/11/2010) Interview Summatry Paper No. 20150615
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Application No. Applicant(s)
14/518,868 ALLES ET AL.
: I H i i AlA (First Inventor to
Notice of Allowability I'\EA’X‘Z"[‘)'/:“*SVABOUH 2&%’"" File) Status
No

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWARBILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1. X This communication is responsive to See Continuation Sheet.
OA declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on

2. [ An election was made by the applicant in response to a restriction requirement set forth during the interview on ; the restriction
requirement and election have been incorporated into this action.

3. X The allowed claim(s) is/are 1-22. As a result of the allowed claim(s), you may be eligible to benefit from the Patent Prosecution
Highway program at a participating intellectual property office for the corresponding application. For more information, please see
hitp:/fwww.uselo.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHieedback@usplo.qov .

4. [] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)[dJ Al b)[JSome *c)[] None of the:
1. [ Certified copies of the priority documents have been received.
2. [ Certified copies of the priority documents have been received in Application No. _____
3. [ Copies of the certified copies of the priority documents have been received in this national stage application from the

International Bureau (PCT Rule 17.2(a)).
* Certified copies not received: __

Applicant has THREE MONTHS FROM THE “MAILING DATE” of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5. [] CORRECTED DRAWINGS ( as “replacement sheets”) must be submitted.

O including changes required by the attached Examiner's Amendment / Comment or in the Office action of
Paper No./Mail Date .
Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of
each sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6. [] DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1. X Notice of References Cited (PTO-892) 5. [X] Examiner's Amendment’/Comment

2. { Information Disclosure Statements (PTO/SB/08), 6. [X] Examiner's Statement of Reasons for Allowance
Paper No./Mail Date 5/19/2015

3. [ Examiner's Comment Regarding Requirement for Deposit 7. [ Other .

of Biological Material
4. X Interview Summary (PTO-413),
Paper No./Mail Date .

/MAZDA SABOURI/
Primary Examiner, Art Unit 2641

U.S. Patent and Trademark Office
PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date 20150615
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Continuation Sheet (PTOL-37) Application No. 14/518,868

Continuation of Item 1. This communication is responsive to : amendments filed on 10/20/2015 and examiner amendments made on
6/102/104.
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Application/Control Number: 14/518,868 Page 2
Art Unit: 2641

1. The present application is being examined under the pre-AlA first to invent
provisions.
EXAMINER’S AMENDMENT

2. An examiner’s amendment to the record appears below. Should the changes
and/or additions be unacceptable to applicant, an amendment may be filed as provided
by 37 CFR 1.312. To ensure consideration of such an amendment, it MUST be
submitted no later than the payment of the issue fee.

Authorization for this examiner’s amendment was given in a telephone interview

with Mark Comtois (46285) on 6/10/2015.

The application has been amended as follows:

1. (currently amended) A method for generating a calibration database,
comprising;

receiving at a wireless device an attribute of a signal transmitted by a wireless
transmitter to a mobile station in a region;

wirelessly transmitting from said wireless device said attribute to a controller unit;

obtaining location data of a plurality of geographic locations situated within said
region, wherein said location data is determined using said wireless device, and
wherein said region contains plural streets and intersections of said plural streets;

providing a location information database wherein said location database
includes latitude and longitude information for each of a plurality of points within said

region;
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Application/Control Number: 14/518,868 Page 3
Art Unit: 2641

determining a status of said wireless device;

determining from said status a most likely one of said plural streets upon which

said wireless device is sitedHferafirstone-of said-plural-geegraphicloeations located;

determining said most likely street as a first one of said plural geographic

locations;

determining a first point of said plural points that is in proximity to said first
geographic location; and

entering said first point in said calibration database and associating the location
data for the first one of said plural geographic locations determined by said wireless

device with the first point.

12.  (currently amended) 12. A system for generating a calibration database,
comprising:

a wireless device for determining location data at a plurality of geographic
locations situated within a region, wherein said region contains plural streets and
intersections of said plural streets, said wireless device receiving an attribute of a signal
transmitted by a wireless transmitter to a mobile station in said region;

a wireless device transmitter for transmitting from said wireless device said
attribute to a controller unit;

a location information database wherein said location database includes latitude
and longitude information for each of a plurality of points within said region;

circuitry for determining a status of said wireless device;
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Application/Control Number: 14/518,868 Page 4
Art Unit: 2641

circuitry for determining from said status a most likely one of said plural streets

upon which said wireless device is sitedHforatfirstone-of said-plural-geographic
leeations |ocated;

circuitry for determining said most likely street as a first one of said plural

geographic locations;

circuitry for determining a first point of said plural points that is in proximity to said
first geographic location; and

circuitry for entering said first point in said calibration database; and associating
the location data for the first one of said plural geographic locations determined by said

wireless device with the first point.

Allowable Subject Matter
3. The following is an examiner’s statement of reasons for allowance: Claims 1 and
12 are directed towards a method and system for calibrating location data for a wireless
device.
4. In a prior art search prior art was found teaching the inventive concept of
collecting location fingerprints (~claimed location data) and GPS coordinates both
corresponding to the same location and associating them in a database for calibration
purposes (see US 2008/0070572 [Shkedi], paragraph 54).
5. Howevert Shkedi is silent with respect to the particular steps/functions recited in
claims 1 and 12. For instance Shkedi fails to teach the following steps recited in claim

1, similar subject matter of which is recited in claim 12:
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Application/Control Number: 14/518,868 Page 5
Art Unit: 2641

o determining a status of said wireless device;
o determining from said status a most likely one of said plural streets upon

which said wireless device is located;

o determining said most likely street as a first one of said plural geographic
locations;
o determining a first point of said plural points that is in proximity to said

first geographic location; and
o and entering said first point in said calibration database and associating the
location data for the first one of said plural geographic locations determined by said

wireless device with the first point.

6. Prior art of record fails to render the differences between claims 1 and 12 and
what is taught in Shkedi as obvious to one of ordinary skill in the arts. Therefore, claims
1 and12 are allowable. All other pending claims depend on claims 1 and 12.

Any comments considered necessary by applicant must be submitted no later
than the payment of the issue fee and, to avoid processing delays, should preferably
accompany the issue fee. Such submissions should be clearly labeled “Comments on
Statement of Reasons for Allowance.”

Conclusion
Any inquiry concerning this communication or earlier communications from the

examiner should be directed to MAZDA SABOURI whose telephone number is
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Application/Control Number: 14/518,868 Page 6
Art Unit: 2641

(571)272-8892. The examiner can normally be reached on Monday-Friday from 9:00-
5:30.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’'s
supervisor, Charles N. Appiah can be reached on 571-272-7904. The fax phone
number for the organization where this application or proceeding is assigned is 571-
273-8300.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.
For more information about the PAIR system, see http:/pair-direct.uspto.gov. Should
you have questions on access to the Private PAIR system, contact the Electronic
Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a
USPTO Customer Service Representative or access to the automated information
system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

Mazda Sabouri
Primary Examiner
Art Unit 2641
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Primary Examiner, Art Unit 2641
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PCT PATENT APPLICATION OF U.S. WIRELESS CORPORATION

WIRELESS LOCATION DETERMINATION USING
SPATIAL SIGNATURE INFORMATION

FIELD OF THE INVENTION

This invention relates generally to methods for determining the location of a radio
transmitter. More particularly, it relates to methods for determining the location of cellular
telephones, pagers, and other pottable transmitters operating in urban environments
characterized by a high degree of multipath,

BACKGROUND OF THE INVENTION

A long standing problem in radio communications is accurately determining the location of a
mobile radio transmitter. Precise location information in a cellular telephone network is
desirable for various reasons that have been recognized in the prior art. For example, cellular
location information can be used to assist emergency dispatching, tracking unauthorized cell
phone usage, and tracking or locating fleets of vehicles. Other applications include locating
lost or stolen vehicles, assisting lost motorists, and providing various location-based
services. These applications have yet to be realized, however, because they require accurate
location information and no suitable method of providing such information has yet been
developed. Generally, prior art location determination techniques fail for one or more of the
following reasons: (1) they fail to operate in urban environments where multipath effects are
severe, (2) they do not operate if fewer than three base stations are in range of the signal
from a transmitter, (3) they do not provide location information with sufficient accuracy,
precision, or confidence, and (4) they require extensive modifications to the mobile

transmitter, to the communication system base stations, or to both.

Multipath is perhaps the most fundamental obstacle to prior art methods of solving the
location finding problem. Multipath is typically caused by the reflection of signals from
objects in the environment, such as buildings, hills, and other structures. A signal
transmitted from a cellular phone will often be reflected from these structures. resulting in
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multipath signals arriving at a base station in addition to a direct path signal. The angles of
arrival of the multipath signals are usually different from the angle of arrival of the direct path
signal. In addition, because the path lengths of the multipath signals differ from those of the
direct path signal, the multipath signals and the direct path signal have different times of
arrival. Moreover, in an urban environment where severe multipath is present, sometimes no
direct path exists at all and the base station receives only the multipath signals. Conventional
location determination techniques, however, are based on angle-of-arrival measurements or
time-of-arrival measurements. As a result, they suffer significantly from the effects of
multipath, and elaborate techniques are used in attempts to mitigate the multipath effects. For
example, the prior art teaches signal averaging techniques, spread spectrum or frequency
hopping techniques, and techniques for multipath identification and removal. In cases of
severe multipath, however, there often is no direct path signal at all. In such cases, these
approaches fail. Moreover, averaging techniques are based on assumptions about the

-distribution of multipath that are not generally valid, especially in severe muijtipath

environments. Even in cases where such assumptions do hold, these averaging techniques
do not yield accurate position information. The prior art approaches, therefore, operate only
when multipath effects are minimal, and fail to provide reliable and accurate location

information in urban environments where multipath effects are severe.

SUMMARY OF THE INVENTION

In contrast with all prior art location finding methods which attempt to eliminate or avoid
multipath signals and their effects, the present invention advantageously uses multipath
signals in order to accurately determine a transmitter's location. Surprisingly, in contrast to
other techniques of location finding, the accuracy of the present technique is improved in
severe multipath environments. Moreover, the present invention provides a method of
location finding which, in contrast to other methods, can accurately determine a location
from a single base station. This feature of the invention also distinguishes it from prior
techniques which either require multiple base stations or provide only very inaccurate or
imprecise location information. In addition, the present location determination technique does
not require any modification to the transmitter, or to the existing base stations of the wireless
communication system. The invention, therefore, provides a unique solution to the location

finding problem which has heretofore remained unsolved.

According to the principles of the present invention, an antenna array of a location-finding
apparatus coherently receives multi-dimensional signal vectors from a mobile transmitter.
The specific technique for acquiring the signal vectors will depend on the wireless

communication standard used by the transmitter: Once the signals are acquired, the apparatus
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then calculates a transmitter signal signature from the received signal vectors. In general, a
signal signature is defined as any location-dependent feature derived from the signals
received at the antenna array from a transmitter at a given location. For example, the
signature may be derived from various combinations of signal amplitude, phase, delay,
direction, and polarization information derived from the signal vectors. Preferably, the
signature is substantially invariant with respect to all variables unrelated to transmitter
position, such as noise and interference. In a preferred embodiment, the signal signature
comprises signal multipath characteristics of a spatial channel between the mobile and the
location-finding apparatus. Most preferably, the signature comprises a signal covariance
matrix formed from the signal vectors, or a subspace of the matrix spanned by its dominant

eigenvectors.

The transmitter signal signature, together with calibrated signatures and corresponding

calibrated locations are then used to determine one or more likely locations of the transmitter,

for example, by calculating a similarity between the transmitter signature and each of the
calibrated signatures. The likely locations correspond to the calibrated signatures that are
most similar to the transmitter signature. In this manner, the location of the transmitter can be
accurately determined from signals received at a single base station, even in a severe
multipath environment. More sophisticated matching techniques can be used to reduce
location ambiguity and provide more accurate location estimates. In addition, although the
present techniques do not require more than one base station for accurate location
determination, in the event that signatures from multiple base stations are available, they can

be combined to increase the accuracy and confidence of the location estimates.

The calibrated signal signatures and corresponding locations are determined by a calibration
procedure in which known locations are associated with transmitter signal signatures,
preferably using a calibration transmitter equipped with a global positioning system (GPS)
receiver. The calibrated signature and location information can then be coliected, processed,
organized, and stored in a database for subsequent use in real-time location determination.

The techniques of the present invention have various useful applications. For example, the
database of signal signatures and locations can be used to derive antenna calibration
information. This information, in turn, can be used to enhance location determination. In
another useful application, the signature of a transmitter can be used to estimate its velocity.
This velocity information, in turn, can be used to improve signal acquisition and signature
determination, as well as location determination. The accurate location information provided
by the present invention has a broad range of useful applications. To name just a few, the
location information can be used to provide location-based services and information to
mobile users, it can be used to track or locate people, vehicles, or other valuable objects that

3

Page 110 of 493



20

25

30

35

WO 00/34799 ‘ PCT/US99/24493

may be missing, stolen, or in need of attention or assistance, and it can be used to provide to
a wireless communications system operator real-time location-enhanced information that can
assist in various types of network enhancement, diagnosis, planning, evaluation, analysis,

or management.

DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, and 1C illustrate three levels of integration between an existing base station
and a location determination apparatus (LDA) of the present invention. FIG. 1A
shows an LDA closely integrated with a base station, FIG. 1B shows an LDA
partially integrated with a base station, and FIG. 1C shows a stand-alone
implementation of an LDA not directly connected to the base station.FIG. 2 is a block
diagram of an LDA integrated with a base station, corresponding to the
implementation shown in FIG. 1A,

FIG. 3 illustrates a spatial channel that is characterized by multipath propagation effects.
According to the present invention, this spatial channel information measured and
used to construct a signature that is highly correlated with the mobile position.
Comparing the signature with calibrated signatures associated with known locations,
the location of the mobile is estimated.

FIG. 4 is a block diagram of an LDA according to an embodiment of the present invention
suited for a CDMA wireless system,

FIG. 5 illustrates the temporal structure of a CDMA signal according to the IS-95 standard.
In particular, the CDMA signal is composed of a sequence of temporal frames, each
having a duration of 20 ms. Each frame, in turn, is divided into 16 power control
groups, each having a 1.25 ms duration.

FIG. 6 is a block diagram of an efficient receiver architecture according to an embodiment of
the present invention suited for a CDMA wireless system.

FIGS. 7A, 7B, 7C, and 7D illustrate signal sampling schemes employed in a preferred
embodiment of the present invention. FIG. 7A illustrates how approximately 100
signal samples are taken during a 1 ms sampling interval. FIG. 7B illustrates how a
batch of signal samples from a given mobile device is collected once every 50 ms.
FIG. 7C illustrates how batch covariance matrices for a given mobile device are
collected over the course of a few seconds. FIG. 7D illustrates how a sequence of
signal covariance matrices is generated over the coﬁrse of time, with one covariance
matrix added to the sequence every 5 s.

FIGS. 8A and 8B are schematic diagrams of geographical bins and sub-bins used in a
calibration table compression technique of the present invention. The sub-bins shown
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are squares about 10 m across, and the bins are squares about 30 m across. The
locations of raw data points are shown in the figures as empty circles.

FIG. 9 is an illustration of the service region of an LDA containing a set of calibrated
locations, shown in the figure as circled ‘x’ marks. The figure also shows an angular

sector of the service region centered around an angle 6 having an angular width A©.

According to one aspect of the invention, the calibrated signatures in the sector are
used to calculate an array calibration vector.

FIG. 10 is a graph of a function D(S,Sy) with respect to calibrated locations k., The value of
the function at a given location k is a measure of the similarity between a measured
signature S and a calibrated signature Sk. The graph also represents a “spectrum” of
the signature § with respect to the entire set of calibrated signatures S....,SN.
According to one matching technique, the likely locations of the mobile having
signature S are the locations k(1),k(2),....k(M) such that D(S8,Sk;)) > h for
j=1,..M,, where h is a predetermined threshold value. This subset of points is
illustrated in the figure as those points above the dotted line corresponding to the
value of h.

FIG. 11 shows the graph for a measured signal spectrum w together with the graphs for two
calibrated spectra w1y and Wi (2). According to a preferred matching technique, the
likely locations of a mobile having spectrum w are found by comparing w with the
calibrated spectra w|,...,wN. For example, as is evident from the figure, the
spectrum Wy(2) is more similar to the spectrum w than to the spectrum wyj). Thus,
location k(2) is more likely than location k(1).

FIG. 12 is a graphical representation of mobile “tracks” according to a preferred ambiguity
reduction technique. The tracks are illustrated in the figure by solid curves. The
tracks, which represent past hypothetical trajectories derived from sets of likely
locations collected over time, are used to predict a set of next points, shown as empty
circles. Ambiguities in a current set of likely locations can be reduced by reducing the
probabilities for locations that are not close to the predicted next points.

FIG. 13 illustrates a system used to implement a technique for resolving ambiguity by
combining sets of likely locations obtained from multiple LDAs. A central hub
collects the location information over communication lines. Because the location
information is independently derived at separate LDAs, it can be combined to reduce
ambiguity and increase confidence.

FIG. 14 is a schematic diagram of a hierarchical tree structure used in a technique to improve
the computational efficiency of the real-time signature matching. The tree structure is
composed of a number of nodes, shown as circles in the figure. Each calibrated
location is assigned to at least one bottom node. The nodes higher in the tree contain
the union of all nodes connected downward from them. In the search of similar

5
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calibrated signatures, this tree can be used to eliminate a significant amount of

computation.

DETAILED DESCRIPTION

Although the following detailed description contains many specifics for the purposes of
illustration, anyone of ordinary skill in the art will appreciate that many variations and
alterations to the following details are within the scope of the invention. Accordingly, the
following preferred embodiment of the invention is set forth without any loss of generality

to, and without imposing limitations upon, the claimed invention,

System Architecture

NETWORK OVERVIEW

A preferred embodiment of the present invention is designed to operate in the context of one
or more wireless communication systems providing services to cellular telephones, pagers,
wireless modems, and other portable communication devices. Each communication system
includes a number of base stations, each designed to communicate with the portable devices
in its geographical area, or cell. Downlink radio frequency (RF) signals are transmitted from
the base station to the portable devices, and uplink RF signals are transmitted from the
portable devices to the base station. A conventional base station typically has a set of six
directional antennas for transmitting the downlink signals and receiving the uplink signals.
These six antennas are normally grouped into three pairs, where each pair is designed to
serve a 120-degree sector of the cell. When communicating with a portable device in a
particular sector, only one of the six antennas is normally used. In particular, the antenna
used for a particular mobile device is dynamically selected to provide the best signal. If the
quality of the communication link between a base station and a mobile device degrades, the
communication system typically attempts to hand-off the link to another base station that can
provide a higher quality link. In this manner, a portable device moving throughout the
communication system’s network of cells can receive continuous service. The location of a
particular device in these conventional systems is known only approximately. The network
knows which base station is serving the mobile device, and can sometimes determine which
antenna is being used for communication with the device. Using this information, however,

the Jocation of a user can be narrowed down to an area of several square kilometers, at best.
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LOCATION FINDING APPARATUS

A location determination apparatus (LDA) according to- the present invention is used to
provide more accurate and precise location information of mobile devices. As illustrated in
FIGS. 1A, 1B, and 1C, the LDA may be integrated partly or completely with an existing
base station of a communication system, or may be a separate stand-alone apparatus
operating idependent of other communication systems. For example, FIG. 1A shows and
LDA 100 integrated with a base station 102. In this integrated implementation, the LFA
makes use of the existing antennas of the base station, and has no antennas of its own.
Because these antennas are directly connected to the LDA, they are considered part of the
LDA. In a highly integrated implementation, the LDA is not only connected to the base
station antennas, but is also connected to the internal electronic equipment of the base station.
Such a connection can be used, for example. to communicate user channel assignment
information from the base station to the LDA, and/or to communicate location information
from the LDA to the base station. In a partial integration, as shown in FIG. 1B, an LDA 104
has its own antennas and is independent and separate from the base station. with the
exception of a communication link for exchanging information. In a stand-alone
implementation, shown in FIG. IC, an LFA 108 and a base station 110 are not directly
connected at all, although they may be indirectly connected via a larger network.

An integrated implementation of an LDA 112 with a base station 114 is illustrated in FIG. 2.
The LDA 112 comprises a set of p antennas 116, a multichannel receiver 118 which
coherently receives signals from the p antennas, a multi-purpose signal processor 120 which
performs signal signature identification, database searching, and other required processing as
will be described in detail below, and a memory storage device 122 accessible by the
processor and used to store signal signature calibration data, location data, geographical map
data, and/or other data as required. Location information determined by the processor is
preferably sent over external communication lines 124 for use by other systems. The location
information may also be provided to a routing controller 126 connected to a switching matrix
128 of the base station 114. The switching matrix 128 performs antenna beamforming or
switching in dependence upon location-dependent signals from routing controller 126. A
receiver 130 and transmitter 132 of the base station are connected to the antennas 116 by
means of the switching matrix. Thus, the transmission and reception of the base station may
be controlled by location-based routing information derived from LDA 112. The
implementation shown in FIG. 2 is one example of a highly integrated implementation,
corresponding to FIG. 1A. A stand-alone implementation of LDA 112 would not have
routing controller 126, and would not share antennas 116 with base station 114. The

essential principles of operation would otherwise be the same.
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In contrast with the base station which communicates with a particular mobile using just one
selected antenna at any given time, the LDA coherently receives signals from all the antennas
simultaneously. The coherent multichannel receivers 118 preserve relative phase information
between the signals received at the various antennas 116, As a result, subtle information
about the spatial channel can be determined, as will be described in detail below. In
particular, this spatial channel information includes multipath signal information, as shown
in FIG. 3. Typically, in addition to a direct path signal 134 from a mobile device 136 to an
LDA 138, there are one or more additional multipath signals 140 reflected from various
environmental objects. In addition, there are typically various smaller local scatterers (not
shown) positioned within a region 142 around the device. The coherently received signals at
the LDA 138 thus include subtle spatial channel information corresponding to these reflected

and scattered signals.

ARCHITECTURE FOR CDMA SYSTEMS

The wireless communication system can employ various conventional air standards and
protocols, such as AMPS and CDMA. In the case of the more complicated CDMA standard,
such as IS-95, some additional description will be helpful. In a CDMA communication
system, all user devices share a common frequency band, and the different mobile devices
are distinguished by their use of distinct PN spreading sequences. At the base station, the
signals from a device are coupled to one of the antennas, downconverted to IF, and then
digitized. The digitized signals are then correlated with PN sequences in order to separate
the signals from different mobile devices. Low cross-correlation between the unique PN
sequences ensures that there is little interference between mobiles within the base station
service area. Well-known timing synchronization technigues are used to identify and lock
onto the PN sequence for each mobile. After the user signal has been separated, it is
typically sent into an inverse Hadamard transformer in order to extract Walsh symbols from
the signal. Various decoding and interleaving functions may also be performed in order to
reconstruct the information signal originating at the mobile device, as is well known in the

art.

In an LDA 144 according to a CDMA embodiment of the present invention, the p antenna
signals are coupled to coherent multichannel IF down-converters and A/D converters 146 to
produce a set of p digitized complex signals, as shown in FIG. 4. Down-conversion and
digitization are performed coherently so as to preserve the phase relationships between the
separate signals from the p antennas. A common local oscillator and a master clock are used
to maintain coherence between the parallel functions performed on all the signals from the p
antennas. In the figure, the LDA 144 is integrated with a base station 148 which has its own
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transmitter 150 and receiver 152. Stand-alone and partially integrated implementations,

however, are also possible.

The p complex signals are separately despread in synchronized multichannel despreaders 154
of a CDMA receiver 156 of the LDA. In one embodiment, user PN sequence information is
provided from the base station 148 so that the LDA can despread the signals. Alternatively,
in stand-alone implementations, the LDA can obtain this information from the user device.
For example, the user device can transmit its code channel information to an internet
computer via a wireless modem link. The LDA can then query the computer and obtain the
user information, thus by-passing the need to obtain it from the base station. In any case,
once the PN sequence information for the user is obtained. the LDA despreads the p signals.
In contrast with the base station receiver 152 which simultaneously performs despreading for
all mobiles being served, the receiver 156 of the LDA sequentially time samples the signals

from the set of current mobiles, thereby dramatically reducing hardware requirements and

cost. To perform this sequential despreading, accurate code timing information is required.
This information can be obtained from base station receiver 152. Alternatively, the code
timing information can be acquired and tracked by the receiver of the LDA using well known
techniques. Intermittent time samples are sufficient for the LDA because its purpose is not to
acquire all the original signal information, but to acquire a spatial channel signature.

Although the LDA receiver architecture in a CDMA system is preferably adapted in the above
manner, the high-level LDA architecture and principle of operation is the same.

Signal Measurement

SIGNAL VECTOR SAMPLE ACQUISITION

The LDA hardware coherently receives complex signal samples. These samples are later
used to calculate spatial channel signatures, which are the basis for location determination.
More specifically, the p antennas are used to receive complex signals x1(t), xa(t),..., Xp(t),

respectively, which are represented by a  p-dimensional | signal  vector

x(t) = [x1(1), x2(t),..., xp(t)]T. At a moment t in time, each component x;(t) of this vector
is a complex number having both amplitude and phase information from one of the antennas.
In general, the dimension of the array vector x(t) is equal to p, the number of antennas in the
array. The value of p is preferably in the range from 2 to 12, and is more preferably in the
range from 4 to 8. Most preferably, the value of p is conveniently chosen to be 6 so that the

existing antennas of a base station may be used.

9
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SIGNAL AcQUISITION IN CDMA SYSTEMS

Signal acquisition in a CDMA system is more complicated, and therefore will be discussed in
more detail. As is well known in the art, a conventional CDMA receiver can isolate muitipath
parts of a signal if their differential delay is more than one chip length. The signal parts are
normally extracted by "fingers" of the receiver and then combined after temporal alignment to
get improved signal strength, Each finger comprises a correlation receiver matched to the
exact delay associated with a particular multipath part. Note, however, that this standard
technique only distinguishes temporally distinct multipath parts, and does not distinguish
spatially distinct multipath parts that have similar temporal delays.

The CDMA receiver 156 in the LDA 144 of FIG. 4 adapts the above technique for separating
multipath parts in order to provide refined discrimination in location finding. For simplicity
in the following discussion, we consider a signal from a single mobile device. At the p
antennas of the LDA, this signal gives rise to a set of p coherently received signals
X1(t), X2(t),.... Xp(t). In the synchronized multichannel despreaders 154, each component
xj(t) of this set is then decomposed using q correlation receivers into q temporally distinct

signals Xj 1(t),....Xj,q(t), where j is the antenna index of the signal and q is the number of

fingers used. Thus, a total of pxq correlation receivers are used. Preferably, q is in the

range from 1 to 8. More preferably q is in the range from 2 to 6. Most preferably, q=4. The
multipath parts contained within a given finger all have delays within one chip from each
other, while the delays between fingers are more than one chip. Each set of p samples from

a given finger i is represented by a p-dimensional vector x(i)(t)=[x1‘i(t),...,xp‘;(t)]T. All q

vectors X1, ... x(9 are then sent to a signal processor 158 for subspace determination, as

will be described further below.

The CDMA receiver 156 contains a searcher 160 that searches the original signals
x1(t), x2(1),..., Xp(t) for the best code delays to be used by the q despreaders. The searcher

produces a code correlation output that represents the degree to which the delayed code
matches the incoming signals. A sequence of L delay values 71,...,71, are selected that are

spaced by 1/2 chip length. Typically, L is approximately 200, so that the temporal span of
the sequence is 100 chips. At each of the delay values, a corresponding code correlation
value for the signal is measured from the code correlation output. The code correlation values

from the jth antenna is represented as a sequence CQ)(’H),...,CQ)('CL), where CG)(‘ci) is the

value of the correlation between the signal xj(t) and a code with temporal delay t;. The

10
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correlation output sequences for all p signals are sent to the signal processor 158 for

construction of the correlation signature.

The searcher 160 examines the code correlation output to determine a set of q time delays
t(1),...,7(d) which correspond to the strongest correlations, There are various well known
methods of determining such time delays. For example, these time delays may be

determined by selecting the q values of T that correspond to the q largest local maxima in the

set {CO)(Ti) :j=1,..p; i=1,..,L}. Once these delays are determined, they are then sent to the

despreaders 154 to control the despreading of each of the q fingers corresponding to these
delays. The delays are also sent to the processor 158 for signature determination.

In order to achieve optimal use of hardware, the signals from the receivers can be sampled at
regular time intervals. This optimization, however, requires some modification of
conventional CDMA receiver architecture, which will now be described in detail with
reference to FIGS. 5 and 6. In the following description, it is assumed that p=6 and that the
IS-95 standard is used. The principles of this optimization, however, do not depend on
these particular assumptions. Moreover, it should be emphasized that the present invention
does not require this optimization in order to be usefully implemented.

It should be noted that the CDMA signal from each device has a standard temporal structure.
In particular, the CDMA signal is composed of a sequence of temporal frames, each having a
duration of 20 ms and containing 192 bits of information, as shown in FIG. 5. Each
frame, in turn, is divided into 16 power control groups, each having a 1.25 ms duration. At

high data rates, all 16 power control groups contain information. At the lowest data rate,

only two power groups are active, i.e. contain information. At low rates, the placement of

the active groups within the frame is pseudorandom.

As shown in FIG. 6, the signals from each user device in the coverage area of the LDA are
coupled to the six antennas and received by a corresponding bank of six receivers 164.
These receivers are coherently synchronized so that they preserve the relative phase
information between the signals coupled to the six antennas. Each receiver downconverts
the signal from one antenna to baseband, and then digitizes the signal to produce I and Q
signal components. At this point, the signals from the various user devices have not yet
been distinguished. The six digitized signals produced by the receiver bank 164 are sent to a
corresponding bank of six signal buffers 166. Each signal buffer stores data samples
covering several recently received digitized signé] frames. Typically, each buffer is large
enough to store three or more frames of data. At periodic intervals of 1.25 ms, a buffer

11
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control circuit 168 calculates a buffer address that is used to select a power control group
from the signal frames currently in each buffer. The specific buffer address is calculated so
that during each power group time interval an active power group is selected from one of up
to 16 distinct user phones. The output from each of the six buffers, therefore, is a data
stream of selected power groups delayed by approximately three frames, where each of the
16 power group intervals in a frame can contain an active power group from one of up to 16
distinct user signals. Buffer control 168 sends a common set of signals to the buffers in
signal buffer bank 166. These signals include buffer record and playback addresses,

read/write signals, and buffer configuration data.

The six data streams from the buffer bank 166 are sent for despreading to a bank of six
corresponding despreaders 170. In each despreader, the incoming data stream of selected
power groups is correlated with appropriate PN sequences in order to despread the data. In a
CDMA communication system, all users share a common frequency band, and the different
mobile phones are distinguished by their use of distinct PN spreading sequences. Low
cross-correlation between the unique PN sequences ensures that there is little interference
between different users within the base station service area. In addition, low cross-
correlation between distinct delayed versions of a given PN sequence ensures that there is
little interference between various multipath parts of a signal originating from a single user.
Well-known timing synchronization techniques are used to identify and lock onto the PN

sequences of the multipath parts for each user.

In contrast with conventional use, despreaders in the present apparatus have their PN
sequences changed every 1.25 ms by a despreader control circuit 172. The PN sequence is
changed in synchronization with the transition between power groups so that, during each of
the 16 power groups in a frame, the despreader uses the PN sequence corresponding to one
of 16 users. The output from each despreader, therefore, is a despreaded I/Q data stream
where each of the 16 power group intervals in a frame contains the despreaded signal from

one of up to 16 user signals.

It is significant to note that the resulting six signal data streams do not contain all the
information transmitted from the mobile phones. Rather, each frame coming out of the

despreaders contains up to 16 active power group samples derived from up to 16 different

mobile phones. Note that since the despreading essentially separates the multipath parts with
differential delays greater than the chip period, it is possible to obtain the spatial signatures of
all the significant multipath parts (referred to as fingers) of every mobile. In the present
system, up to four fingers per mobile can be despread. The despreader output is used for

determining spatial signal information, as will be described in more detail below.
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We now turn to a description of the operation of buffer control circuit 168 and despreader
control circuit 172. A common set of signals are sent from despreader control 172 to
despreader bank 170. Specifically, these signals include two PN sequences: a combined I
despreading sequence and a combined Q despreading sequence. Each of these sequences is
a chip-by-chip product of all the spreading signals involved in spreading the signal in the
transmitter, In the case of 1S-95, these spreading signals include the long code, the Walsh

codes, and the short I or Q sequences.

It is important to note that the Walsh codes are normally used as the transmitted symbols and
thus contain the transmitted signal information. The present technique, however, treats the
Walsh code as just another spreading signal. Including the Walsh code as part of the
spreading signal provides improvements in processing at the LDA receiver in determining the
phase of the received signals. In the preferred embodiment, the Walsh code information is

"obtained by sending the decoded data bits from the CSM board through a convolutional

encoder, an interleaver, and a Walsh encoder, just as was done in the mobile prior to
transmission. It will be appreciated that other codes or training sequences used by various
other standards can be used just as the Walsh codes are used in the IS-95 standard described
in this embodiment. It will also be appreciated that the Walsh codes could, in principle, be
provided by the CSM board since the decoders determine the Walsh codes in order to
produce the data stream. Although presently existing CSM integrated circuits do not provide
Walsh code output, such integrated circuits may be produced in the future and could be used

in the context of the present invention,

A despread IRQ (DES. IRQ) signal is issued on any power control group timing interval
transition and serves to trigger the microprocessor 174 to load the next set of despreading
parameters into the despread control and buffer control. The GPS IRQ is issued on each
UTC second boundary and triggers the microprocessor to perform various housekeeping
tasks. The system bus 176 carries information between system components. For exarﬁp]e,
data sent over the bus includes system reset commands, buffer address information for data
playback, PN sequence states for despreading, PN mask information for data despreading,
Walsh codes for data despreading, and CSM data and control information.

The six digitized signals produced by the receiver bank 164 are sent to a conventional CDMA
modem board 178 which contains 16 conventional CSM integrated circuits which contain
searchers, despreaders, fast Hadamard transform (FHT) processors, deinterleavers,
decoders, and other well-known circuitry required to produce Walsh symbols and other
signal information from the signals received from up to 16 mobile devices. The conventional
CDMA modem board 178 does not produce spatial signal information. It does, however,
provide data transmitted by each one of the user devices, the rates of transmission for each

13
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user, PN sequence information, finger offset information for up to eight paths per user,
frame offset information, and power group placement information. This information is made
available over the data bus 176 to the microprocessor 174; which computes buffer addresses
that are sent over the bus to the buffer control circuit 168, and PN sequences that are sent
over the bus to the despreader control circuit 172. The purpose of the three-frame delay of
the buffers is to allow time for the microprocessor to compute the buffer addresses, PN
sequences, and other control parameters. A GPS timing circuit 180 is used to provide precise
timing and synchronization information to CDMA modem board 178, buffer control circuit -
168, and despreader control circuit 172. The signals sent from GPS timing circuit to receiver
board 178, buffer control 168, and despread control 172 include a CHIPx16 clock (1.2288

x 16 MHz) and a pulse per 2 second signal (even second pulse).

The six output data streams from the despreaders 170 are low-pass filtered and then made

‘available on a DSP data bus 182. These samples are then collected by a digital signal

processor (DSP) 184. The DSP first performs a frequency estimation that is aimed at nuiling
the frequency error of the sampled signals. This frequency error is the result of the
difference in frequencies between the user transmitter and the base station receiver. Since the
frequency error can be up to several hundred Hertz, when the signal is despreaded and
downconverted to baseband, it will have a residual non-zero frequency. Therefore, since
signal samples in the present system are averaged over relatively long periods of time, the
residual freqﬁcncy must be corrected to prevent the samples from averaging out to zero. The
DSP therefore first determines the residual frequency, and then corrects it before averaging
the samples. This correction data is used by receiver control 186 to set receiver frequency

and attenuation of receivers 164.
The specific functions performed by the microprocessor 174 include:

1. Initializing and controlling CSMs, GPS timing, buffer control, and despreader control.

2. Reading rates, offsets, active power groups, and transmitted data of subscribers from
CSMs.

3. Computing transmitted Walsh codes from the received data.

4. Loading Walsh codes into despreader control before each power control group interval
transition.

5. Loading playback address into buffer control before each power control group interval
transition.

6. Receiving subscriber data from the DSP for despreading.

7. Sending, for each batch of data sent to the DSP from the despreader, a descriptor to the
DSP identifying the subscriber associated with the data,
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The specific functions performed by the DSP 184 include:

1. Computing a frequency error for each subscriber.

2. Correcting the frequency error for each received data batch.

3. Computing covariance matrices for each data batch.

4. Transferring covariance matrices to the location finding processor 188.

5. Transferring instructions to the microprocessor (e.g.. subscriber lists and parameters)

The specific functions performed by the receiver control 186 include:

1. Setting the receiver frequency.
2. Setting the receiver attenuation,

In order to compute the spatial signature of a CDMA signal, one must first despread it. To
determine the spatial signature, however, it is not necessary to capture or even compute the
actual information data stream. For the purposes of the spatial signature measurement
technique of the present invention, the important information is not the information data
stream itself, but rather the spatial channel information derived in part from the relative phase
information between the antennas of the array. Consequently, the present technique is
distinct in motive, method, and result from known CDMA reception techniques. It provides
an efficient method and system for simultaneously determining spatial signal information for

multiple users in a CDMA communications system.

Data Collection and Averaging

SIGNAL BATCHES AND STANDARD AVERAGING

In a preferred embodiment, a p-dimensional received signal x(t) for a specific mobile device
is regularly sampled during a sampling interval to produce a batch of signal vector samples,
x(t7), x(t2),.... X(tn). In one embodiment illustrated in FIG. 7A, approximately 100

samples are taken during a | ms sampling interval, i.e., the signal is sampled every 10 ps,

so that the difference At;=ltj-t;, |l is 10 us. The outer products of these 100 vectors in the

1 ms batch are then combined to form a pXp covariance matrix for the batch.
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For each mobile device, a batch of signal samples is collected once every 50 ms, as shown in
FIG. 7B, and a corresponding batch covariance matrix is calculated. The batch covariance
matrices for a given mobile device are then collected over the course of a few seconds (e. g.,
55), as shown in FIG. 7C. These batch covariance matrices are then averaged to form a

p*p signal covariance matrix, R, which is normalized such that Tr R = 1. This normalized
covariance matrix is used as the basis for subsequent calculations, as will be described

below.

Because each batch spans only 1 ms, there is sufficient time using this technique to sample
signals from up to 50 different user devices in a 50 ms interval. In other words, the signals
from a first user device are sampled during a first 1 ms interval, the signals from a second
user device are sampled during a second 1 ms interval, and so on. After 50 ms, the signals

from the first user device are again sampled.

Those skilled in the art will appreciate that similar sampling method also may be implemented
using various other values for the time intervals, number of signal vectors sampled per
batch, etc. In addition, one can also use a non-uniform sampling scheme wherein each
mobile is sampled at a period inversely proportional to the speed of its physical movement,
or according to other criteria. Although the present description is focused upon the
processing of the signals from a single user device, in the preferred embodiment, the
techniques described herein are applied to signals from a number of users.

It will be recognized by those skilled in the art that although this sampling procedure is
appropriate for the AMPS cellular standard it can be adapted to various other modulation
schemes as well. In the case of a CDMA cellular network, for example, spread spectrum
signals from the antenna array are digitized and passed through synchronized multichannel
despreaders to produce the p-dimensional array vectors x(t) corresponding to each mobile.
These vectors can then be sampled and averaged to form a covariance matrix in the manner
outlined above. More specific details of such a CDMA implementation will now be

described.

In the preferred embodiment, a batch of signals for a given mobile is collected every 60 ms
in a time interval of length 1.25 ms. Thus, up to 48 different mobiles can be sampled in the
60 ms interval, Obviously, more mobiles can be handled by either decreasing the 1.25 ms
batch interval length, or increasing the 60 ms repetition interval. In addition, the hardware
can be duplicated so that several mobiles are processed in parallel rather than sequentially.
These various implementations involve consideration of various trade-offs, but do not alter

the essential technique of the present invention.
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The outer products of the signals in each batch are combined to form a batch covariance
matrix. If signals from multiple fingers are available, there will be a batch covariance matrix
for each finger. The batch covariance matrices for each finger are then averaged over several
seconds to produce a signal covariance matrix R. [If there are multiple fingers, there will be

multiple signal covariance matrices.

The sampled time delays and correlation data are also averaged in an analogous manner over
the several second period. These averaging techniques help to reduce the effects of noise in

the measured signature.

VELOCITY DEPENDENT AVERAGING

In addition to uniform averaging, various types of nonuniform averaging can be used to
increase the efficiency and performance of the signal acquisition. In particular, estimates of
the mobile device velocity can be used to control the averaging, as will now be described in
relation to FIG. 7D. For a given mobile device, the batch covariance matrices for
approximately 100 batches are averaged over a few seconds as described earlier to form a
pXp signal covariance matrix R. According to the present velocity-dependent averaging
technique, this initial covariance matrix is denoted Ry, where 1 is the time R is measured.
As the system continues to operate in real time, another signal covariance matrix Ry is
determined in the same way from the batch covariance matrices measured over the course of
a few seconds that elapse between time t; and a later time t;. In this manner, a sequence of

signal covariance matrices Ry, Ry}, Ry,,..., Ry is generated, where R, denotes the most

recent covariance matrix. Preferably, the difference Atj=It;-t;, 1 is in the range from 0.1 to 20

seconds, but is more preferably between | and 10 seconds, and most preferably 5 seconds

(assuming uniform sampling).

In accordance with the teaching of the present invention, an average signal covariance f(tn
is produced in real time by forming a linear combination of the covariance matrices
Ry Res Ryyeees Ry In the preferred embodiment, the specific manner in which the

covariance matrices are combined to produce the average covariance matrix depends on
estimates of the transmitter velocity, represented by v ....,v( . Preferably, the covariance

matrices combined to form the average covariance matrix are those collected over a time
interval in which the transmitter has moved a distance D, where D is a predetermined
distance corresponding to the average spatial span between the calibrated signature locations.
Generally, if the velocity estimate is large, then the matrices are combined such that the most
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recent covariance matrices contribute significantly to the average covariance, while the less
recent covariance matrices contribute relatively little to the average covariance matrix.
Conversely, if the velocity estimate is small, then the contribution of the less recent
covariance matrices is not so small. The velocity estimates can be determined using various
techniques known in the art. Alternatively, velocity can be estimated based on recent
focation estimates derived from techniques of the present invention, or directly from recent
covariance matrices, as will be described below. For the purposes of this description, we

assume velocity estimates are positive velocity magnitudes.

In one implementation of the preferred embodiment, an average covariance matrix Ry is

calculated by evaluating

R, = (1/Dy) an VeALR, = (v, Aty Ry +..+ v Aty R /Dy,

where D_ = v, At. +...+ v, At, and m is selected such that D_. = D. In other words,
m tm=m petn m

m is selected so that the past covariance matrices R, ,..., Ry are those collected over a time
interval in which the transmitter has moved a distance D. It will be noted that, assuming the
time intervals Aty,,...,At, are constant, the coefficients that determine the relative weights of

the past covariance matrices are proportional to the estimated transmitter velocities. A
covariance matrix corresponding to a small velocity will therefore contribute less to the
average covariance matrix than a covariance matrix corresponding to a large velocity. In
accordance with this general principle, those skilled in the art will be able to construct many

other formulas for calculating the average covariance matrix from past covariance matrices.

In another implementation of the preferred embodiment, the average covariance matrix is
calculated from the most recent past covariance matrix and velocity estimate and the last

average covariance matrix. In other words, ﬁ[n is calculated recursively by evaluating
Rln = 1c(Vln’R(n’ Rln-l)’

where f is a function of the current estimated velocity of the transmitter v, , the current

covariance matrix Rtn, and the most recent prior average covariance matrix Rln']. This is a

recursive definition since the covariance matrix R, , is similarly calculated from
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Rln-l = Ic(vtn-l’R‘n-l’ Rt.n-Z)'

Thus, one may write

Ry = (v Ry f(v Ry o fV RV R R ),

where vy,...,v; ~are the estimated velocities at times t,...,t,. Although many possible
functions f may be selected for use, in one implementation the function f is defined by

forming the following linear combination of _R‘n_] and Ry :
R, =f(v Ry, Ry )= A, Ry | + (14 ) Ry,

where A is a velocity-dependent coefficient that takes values between 0 and 1. Values of

7&“ near 1 result in large retention of past covariance information, while values of ktn near 0

result in large forgetting of past covariance information.

In one implementation of the present invention, the values for A,,...,A are calculated from
time-dependent velocity estimates vy,...,v, . The value of A, is calculated such that a very
large velocity estimate v_results in a value of ktn near 0, and hence large forgetting of past

covariance information, while small velocity estimates result in values of A, near or equal to

1, and hence large or total retention of past covariance information. Although many

formulas have these properties, one example of a formula for calculating A;_ is the following:

)\‘[n = e-thAtn/D'

where At, is on the order of a few seconds, D is on the order of a few tens of meters, and

Vi, 18 the current estimate of the transmitter velocity. For example, in the case where

Aty =1s and D=25m, a velocity of vi =0 will result in A, =1. A velocity of
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Vi, = 25 m/s = 90 km/hr), on the other hand. will result in A, = el =0.368. It will

be appreciated that many other equations for ),{n may be used to produce substantially

equivalent effects. For example,

"\’ln = (1 +v)

or
M, =100+ (v[n)Z).

In an alternate embodiment, the value for A, is selected from a finite set of predetermined

values Aj,...,Ay,. The particular value selected depends on the value of vy, For example,

[ 1if V[n < Viow
)"tn:: % 0if V[n > Vhigh

L.S otherwise,

where vy, and vpgn are predetermined low-velocity and high-velocity thresholds,

respectively.

This technique for calculating an average covariance matrix from past covariance matrices
has important advantages. Because the current covariance matrix of a very slowly moving or
stationary transmitter has less information than that of a moving transmitter, it correlates
weakly with location and introduces ambiguity into the location finding process. The present
technique, however, retains past covariance information when the velocity is small or zero,
and overcomes this problem. When the transmitter is moving quickly, on the other hand, the
current covariance matrix correlates strongly with the current location, while the past
covariance matrices correlate strongly with past locations. Because the present technique
forgets past covariance information in this case, it provides an automatic and adaptive way to
generate an average covariance matrix that is most highly correlated with the current location.
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Signhature Computation

The signal signature for a mobile device captures the essential spatial channel information
derived from the signals received at the antenna array. Because the signal signature depends
on the spatial channel information, it is highly correlated with the spatial location of the
mobile. The signal signature preferably includes location-dependent aspects of the spatial
channel, and preferably excludes as much as possible location-independent aspects such as
noise. More preferably, the signal signature includes signal multipath information resulting
from multipath propagation effects in the environment, preferably derived from phase and
amplitude information measured at an antenna array. Most preferably, the signal signature
includes one or more of the following elements: a spatial subspace of the signal covariance
matrix, relative time delays of signal multipath parts, and code correlation information. The
signature can also be represented in other ways, such as higher order spectra of the signals.

‘Signal subspaces may be also extracted via other techniques involving cumulants and higher

order statistics in conjuction with second order statistics represented by the signal covariance
matrix. Cumulants can then be used to recover more phase information than is possible from
the covariance matrix alone and in addition possess more robust properties in the presence of

additive Gaussian observation noise.

CoVARIANCE MATRIX SUBSPACE CALCULATION

In a preferred embodiment, the signal signature includes as its primary component a signal
subspace U spanned by the dominant eigenvectors of the signal covariance matrix R. The
dominant eigenvectors are defined as the eigenvectors of R corresponding to the largest
eigenvalues that collectively capture at least certain percentage of the total signal energy.
Preferably, this percentage is at least 70%, but is more preferably 90%. It should be
emphasized that the signal subspace may be determined by various different criteria as well.

In the case of a CDMA system, q signal subspaces U(1),..., U(a) are preferably calculated

for the q signal covariance matrices R(1),..., R(a) of the q fingers. It should be noted that
each multipath signal in a finger i normally contributes an extra dimension to the subspace

U, Consequently, the subspace will have an increased dependence upon location in the

presence of severe multipath.

CORRELATION AND TIME DELAY INFORMATION

In addition to the signal subspace, differential time delays for the multipath parts can also be
used as part of the signal signature. These delays can be used to further enhance the signal
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signature in order to provide additional location dependence. As a result, the delays provide
the system with increased location accuracy, and also can be used to resolve ambiguities in
location, such as may arise in the case of a stationary phone using a narrowband modulation
scheme. (Note that, in contrast with the time difference data in the prior art which consists
of time differences of the direct signals arriving at several different base stations, the
differential time delay data used herein involves the time differences between the multipath

signal parts arriving at a single base station.)

In one embodiment, differential time delays between multipath signais may be calculated as
follows. First one performs a blind estimation of the array response matrix A during the
calibration procedure by techniques well-known in the art, such as high-order statistics. The
columns of the matrix A consist of the set of linearly independent drray response vectors.
Note that in the case where the differential delays are small compared with the reciprocal of
the signal bandwidth, the invention exploits transmitter movement to decorrelate signals and
determine A. The matrix A is then used to determine a weight matrix W such that WA=I.
Using W and the sampled signals, one then resolves the q multipath signal parts and
calculates their relative time delays, t(1),...,1(Q). These time delays and the matrix A
associated with each location are stored in the calibration database. (Since the signal
subspace may be determined from A, it is not necessary to store the signal subspace if A is
stored.) When attempting to Jocate a transmitter with an unknown location, this additional
information in the database may be used to improve the accuracy as follows. After
determining a set of likely locations using subspace matching, the stored matrix A is used to
calculate differential time delays based on the sampled signals, as was done in the calibration
procedure. These time delays are then compared with the stored time delays to help resolve

location ambiguities.

In the case of a CDMA implementation, the blind estimation technique is not required to
obtain the time delays t(1),...,7(2) since this delay information is provided by the signal
acquisition, as was described above. Preferably, the time delay signature is represented as a

vector defined by 1=[t(1),...,t(@]T. In addition, a CDMA implementation also provides the

code correlation data represented as a matrix C=[cDT . cPTT  where

CcO=z(cOr)),....cP1)]T. The subspaces U(L),..., UlQ), together with the matrix C and

the vector T, are used to construct a signal signature that captures essential location-
dependent information about the spatial channel for the mobile at its current location. In

addition, the covariance matrices R(1),..., R(@) can also be used as part of the signature.
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The signal signature in the database for each location di preferably includes the calibrated
spatial signature Sy=(U,(D,.. . U@; Ry, R @)}, the calibrated temporal delay

signatare T =D, @]T,  and  the  calibrated  correlation  signature

Ckz[Ck(I)T,...,Ck(p)T]_T. It should be emphasized that the signal signature is not limited to

the specific examples given here, but may include other characterizations as well. In
addition, it should be emphasized that the signal signature need not contain all the above

components. For example, it might contain just a single subspace, Uy.

Velocity Estimation

In accordance with the present invention, the real-time velocity of the phone can be
determined by the following method. Because the 1 ms batch sampling time is short
compared to the movement of the phone, the batch covariance matrix will have, to a close
approximation, rank 1. Thus, denoting the batch covariance matrix by R, we may write

R = x xH, ¢))

where x xH represents the rank-1 approximation to R, i.e. the vector x is the dominant

eigenvector of R and xH is its Hermetian conjugate.

Now consider a second covariance matrix R’ measured a short time 8t after R is measured

(e.g., dt=50 ms), again over the course of a 1 ms time interval. Then write
R’ = x" (x")A, 2)

where x” (x")H represents the rank-1 approximation to R’.

In a typical multipath environment, the physical displacement of the transmitter is, to a first

order approximation, proportional to the angular displacement between the vectors x and x’
in signal space. The greater the displacement of the phone during the interval dt, the greater

the angle between x and x’. Thus, in order to estimate the velocity of the phone, it would be

desirable to measure the angular velocity of the signal vector by comparing two consecutive
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measurements of x separated by a known time interval 8t. The computation of x, however,

would involve a computationally expensive calculation of the eigenvalues and eigenvectors
of R. Accordingly, the present inventors have developed the following technique for
determining velocity without the need for such complex computations.

Define
SJR= R -R 3)

and
dx = x'-x. 4)

Using these definitions, we may rewrite eq. 2 as
R + 8R = (x + 8x)(x + &x)H. 5)
Expanding the right-hand side of eq. 5, we obtain
R + OR =x xH + 6x xH + x 8xH + 8x 8xH. (6)
Subtracting eq. 1 from this, we then get

OR = ox xH + x 6xH + 5x dxH. @)

Now, using eq. 7, one can calculate | 8R |2 = Tr(SR 8RH) and |Tr(SR)|2 and then

subtract the resulting expressions to yield
| 8R 1 2- | Tr(8R) |2 = 21x1218x12 -2IxH x12. (8)

Define

dxp = Ox - (6xH x)) x, 9

where X, = x/Ix| is the unit vector in the direction of x. Thus, 8%y is % minus the portion

of &x in the direction of x. We can therefore think of dx as the tangential component of 8x.

Using eq. (9) we can rewrite eq. (8) as
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[ 8R 1 2- [Tr(8R) |2 = 21x/215%12. (10)

Let 80 be the angle between x’ and x. Then, assuming &xp << X, we have

I5xrl/Ix] = tan(86) ~ 66, and hence 18xl = IxI 88. Substituting this in eq. 10, we get
| 8R 1 2- | Tr(8R) |2 = 21x14(86)2. (11

Finally, because R = x xH, we have Tr(R) = Tr(x xH) = IxI2, and hence IxI* = [Tr(R)]2.

Substituting this in eq. 11 gives

I8R 12~ | Te(8R) | 2 = 2[Tr(R))2 (80)2. (12)

Solving this for 86 we obtain

56 = \/{ I6R 12~ [ Te(3RY |2 } / 2[Tr(R)12 (13)

Notice that the right-hand side of this equation can be calculated with simple algebraic
operations involving only 3R and R. This equation, therefore, is a function that gives a

simpie and computationally efficient way to compute the angular change in the signal vector
directly from the measured batch covariance matrices.

The physical displacement of the phone, to first order approximation, is proportional to the
angular displacement of the signal vector. To estimate the magnitude of the velocity of the

phone at a time t, therefore, the following expression is computed:

lv = o 56/8t , (14)

where 6t is the time difference between the measurements of R” and R, and o is a constant
of proportionality that is determined empirically. Notice that Iv,l is an estimate of the velocity
over the period &t which is typically 5 to 50 ms. To obtain the average velocity over a longer

period, say one second, one can use any of the averaging and smoothing techniques
described above to a collection of velocity estimates collected within the longer period. It will
be appreciated that other equations similar to eqs. 13 and 14 may be used to make similar
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estimates of the phone velocity. Such substantially similar equations include, for example,

mathematically equivalent expressions as well as equations involving a similar combination
of the quantities Tr(R), Tr(6R), and Tr(6R SRH), or multiples of these quantities. The
essential feature of the equation is that it is a simple, closed-form expression in terms of just
R and R’. It will also be appreciated that the direction of the velocity can be estimated by

comparing successive locations that have been determined using a location-finding
technique. Combining this direction estimate with the magnitude estimate, one may estimate

the actual velocity vector, v.

The value of Ivl may be used in various ways to improve the performance of a location
finding system, as well as for other applications where a knowledge of transmitter movement

may be of use.

Calibration Data Collection Procedure

The real-time location determination technique of the present invention makes use of a stored
database of calibrated signal signature information and associated locations. The initialization
of the system, therefore, preferably involves a calibration procedure in which signal
signature and location information is collected. One procedure for collecting this data is as

follows.

According to a preferred calibration procedure, a calibration vehicle follows an arbitrary
trajectory in the vicinity of a LDA. The vehicle contains an active cellular telephohe, a GPS
receiver, and a computer for storing the real-time GPS position data of the vehicle along its
trajectory. In a typical calibration procedure, the GPS location data along the trajectory are
periodically stored on the computer together with the GPS clock time-stamp, typically at
intervals on the order of 10 to 100 ms. Meanwhile, the transmitted signal from the cellular
phone is received at the LDA, which is also equipped with a GPS receiver, and the signal
signature is calculated and stored with the GPS clock time stamp. When the data from the
vehicle and the LDA are combined and processed, differential GPS correction data obtained
from the LDA are standard techniques are used to determine with high accuracy the vehicle
location corresponding to each signature measured at the LDA. The signal signature and
location information are then stored as raw calibration data at the base station.

Note that the calibration procedure may include the simultaneous use of several base stations

and/or several vehicles moving within the service area. In addition, each vehicle may include

several phones operating on different channels. For example, in an implementation for the

AMPS standard. a set of 6 phones in a vehicle may be used to transmit at frequency intervals
26
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of 2 MHz in order to provide the signature data with frequency coverage across a 10 MHz
bandwidth. In this case, the raw calibration data contains 6 signatures cotresponding to the
6 frequencies for each location along the vehicle trajectory. It will also be appreciated that the
location data may be derived from techniques other than, or in addition to, GPS techniques.
For example, the GPS location information can be supplemented by dead reckoning or other
navigational information. Such supplementary location information is especially useful in
cases where GPS reception is poor. The supplementary location information can be stored
with the GPS information and post-processed in an off-line procedure as described above.
Alternatively, the location information can be transmitted in real time to the base station

during the calibration procedure.

The result of the calibration procedure for a single vehicle with a single phone is a sequential
set of raw calibration data for a single trajectory, including a set of covariance matrices

R={R},..RN} and a set of N corresponding locations ={dj,....dn}. The raw

calibration data for a single trajectory is conveniently represented as a single set of ordered
pairs, I ={(Ry,d}),...,(RN.dN)} indexed by the integers 1 to N. Because locations d; and

indices i are in one-to-one correspondence, locations may be identified by their
corresponding location index, and vice versa. If time delay and/or code correlation
information is also measured, this data is also recorded as part of the raw calibration data, so
that data for a single trajectory is represented as ordered triplets or ordered quadruplets.

Typically, the calibration procedure will use one or more vehicles following M routes at the
same or different times. The raw data collected from M routes is initially stored in a set of M

files, which are also represented by " ;,...,9 M. In the case where only covariance matrix

information is measured, each file 9", contains a temporally sequential list of ordered pairs

(Rydy),....(RN(m)-AN(m))» where N(m) is the number of data points in route m. If
additional information is measured, each file contains a list of ordered triplets, quadruplets,
etc. [Each data point, therefore, may be assigned a unique index pair (m,n), where
m=1,...,M specifies the route and n=1,...,N(m) specifies the data point within the route, as
shown in TABLE 1.
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TABLE |
Route 1] Route 2 el Roufe m e Route M
(1,1) (2,1) (m,1) M, 1)
(1,2) . (2,2) (m,2) (M,2)
(1,n) (2,n) el (m,n) e (M,n)
(LLN(1)) (2,N(2)) (m,N(m)) (M.N(M))

Note that each route m will usually have a different number of data points N(m). The

columns of Table 1, therefore, do not necessarily have the same number of rows.

The raw calibration data is used to form the calibration database which contains K calibrated
signal signatures and K associated locations, as shown in TABLE 2. Each of the locations
dj,....dg may be two or three dimensional, and may be assigned a date upon which it was
last calibrated. The signal signature in the database for each location dy includes the

calibrated spatial subspace information, Sy, and possibly also calibrated temporal delay
information, Ty, and code correlation information, Cy. In a preferred embodiment, the
covariance signature is Sp={U,; Ry} or, if multipath parts are resolved,
Si={UM,L 0@ R, R @), The temporal delay signature preferably is
=D, 5 DT, and the code correlation signature is C,=[C;'P'7.....C,PTT. It should

be emphasized that the signal signature is not limited to the specific examples given here, but

may include other characterizations as well,
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TABLE 2
Location Signal Signature
(x,¥,2) Spatial Temporal Correlation
Signature Signature Signature
d S Y C

dx Sk TK

Although the signal signature is a relatively stable function of location, certain changes in the

signature may take place which may affect the accuracy of the database of calibrated signal
signatures, Such changes may result from the construction or destruction of buildings, or
from seasonal changes in the natural environment that affect multipath. Accordingly, the
preferred embodiment of the present invention includes techniques for updating the database.
A direct method involves performing the calibration procedure at regular intervals or
continuously. A cost-effective method of continuous calibration could use a fleet of
commercial delivery vehicles. Since such vehicles typically pass through many locations in a
localized region, a dedicated calibration system could piggy-back on these vehicles and allow
continuous updating of the database. Alternatively, or in addition, specialized vehicles could
be sent out periodically to calibrate the service region. It should also be noted that in the case
where two or more base stations can simultaneously receive signals from such a calibration
unit, its signals can be used by all these base stations to independently calibrate their

respective databases.

It is also possible to perform certain database corrections using only signals from regular
phones, i.e., without using special calibration vehicles. For example, in the case where
seasonal atmospheric changes cause alterations in the multipath, an analysis of signals over
the course of several days or weeks can detect a gradual drift in the collective signal
signatures. After clearly identifying such a drift, the database signatures can be corrected to
compensate for the drift, thus eliminating the need for performing a calibration procedure. A
similar technique can be used to correct the database to compensate for signal signature
changes caused by the construction or destruction of reflecting objects in the environment.
In this case, an analysis of signal signatures over time will display a consistent and gradual
shift for those signatures associated with locations in the vicinity of the objects. Having
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identified such bias. the database can then be compensated accordingly. As an aid to the
identification of these environmental biases, base stations may share with each other certain
information, e.g. the array response matrix A for a certain location. If both base stations
detect a shift, it is likely due to an environmental change. It is a significant feature that high
bandwidth communication channels are not required to communicate such information
between base stations. In addition, geographical and environmental information can be used
to detect these shifts. For example, because major highways do not typically change their
location, vehicies being tracked regularly along such a highway will have known trajectories.
This trajectory information can be used to identify and correct drifts in the calibration data.

It should be noted that, if a transmitter is stationary and if the differential time delays are
much smaller than the reciprocal of the signal bandwidth, then the multipath and direct path
signals will be coherent, i.e. they will differ only by a complex scalar factor. In this case,
the measured signal subspace will be one-dimensional since the multipath signal does not
contribute an additional dimension to the signal subspace. A moving transmitter, on the
other hand, will decorrelate the direct and multipath signals over a distance of several
wavelengths. For example, two multipath signals from a moving transmitter result in
sufficient variation of subsequent signal vectors x(t1),..., X(tpM) to permit the full subspace
to be determined. Because it is preferable in the calibration procedure to have signal
signatures comprising multi-dimensional subspaces, the calibration procedure of the present
invention uses moving vehicles to advantageously decorrelate the direct and multipath
signals, thereby permitting determination of the complete signal subspace. Although a
stationary transmitter will have only a one-dimensional subspace, because this subspace is
within the calibrated signal subspace it is still possible to locate the transmitter, albeit with
less certainty than with a moving transmitter. In the case of wideband modulation schemes
or frequency hopping, however, the full signal subspace may be determined even for a

stationary transmitter.

Calibration Data Processing

In the preferred embodiment, the calibration process includes post-processing to optimize the
calibration table. This optimization can involve eliminating redundant information,
compressing the data for more efficient storage, and organizing the data for more efficient
searching. The raw data contains redundancy due primarily to arbitrary and uncontrolled
vehicle speeds and trajectories during the calibration data collection. A stopped or very slow
moving vehicle, for example, can result in many redundant data points corresponding to
nearly the same location (assuming uniform sampling of data points). Overlapping route
trajectories also result in redundant data points. Itis therefore advantageous to remove these
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redundancies in order to generate an optimal calibration table from this raw data. The post-
processing method comprises two main parts: data association and grid generation.

DATA ASSOCIATION

The data association procedure is preferably separated into two steps. The first step
generates a route neighbor file for each route, while the second step generates a total route

neighbor file for all routes.

The first step is performed as follows. For each data point (m,n) in a route m, a list Tbp, of

neighboring data points in the same route m is determined. A neighboring data point is
defined to be any data point whose location is less than a predetermined distance D from the
location of (m,n). In the preferred embodiment, the predetermined distance D is 5 to 10
meters, as this is the approximate accuracy of present GPS receivers and is comparable to a
lane width on a typical road. It will be appreciated that other distances D may also be used.

In this manner, a route neighborhood file Ty, for route m is constructed which contains a
route neighbor list for each point in the route. TABLE 3 shows an example of a route

neighborhood file Tl containing route neighbor lists in route m for all points in route m.

TABLE 3: Route Neighbor File

Data Point Route Neighbor List
(m, 1) (m,2);(m,3)
(m,2) (m,1):(m,3);(m,4)

(m,n) (m,n-2);(m,n-1);(m,n+1);(m,n+2);{m,n+3)

(m,N(m)) | (m,N(m)-2);(m,N(m)-1)

Similarly, a route neighborhood file is produced for each of the M routes, resulting in a total

of M route neighborhood files I .....TLm. corresponding to each of the routes

T 1T M
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After the M route neighborhood files are constructed, the second step of the data association
procedure is performed. In this step. a total neighborhood file TN\, is constructed, combining

information from all the routes. The total neighborhood file TN, contains, for each data point

in each route, a total neighbor list. The total neighborhood list for a point contains all the
neighbors of the point selected from all data points in all routes. In other words, the total
neighbor list for a point contains not only neighbors in the same route, but also neighbors
taken from all the other routes. TABLE 4 shows an example of a total neighborhood file.

TABLE 4: Total Neighbor File

Data Point Total Neighbor List
(1.1 (1,2);(1,3)3(2,12)5(2,13)...:(M.54):(M,55)

(LN(1)) | (LN(1)-1);(2,11)5(2,12);....(M, 128)

(m,1) (1,32);(2,78);...;(m,2);(m,3);...;(M,98)

(m,N(m)) [ (3,45);...;(m,N(m)-1);...;(M-1,32)

M, (1,16):..5(M,2);(M,3)

M,N(M)) | (2,68);(2,69);...;(M,N(M)-2);(M,N(M)-1)

The data processing described above may be performed conveniently through the repeated
execution of  certain  general  procedures. A fundamental  procedure
NEIGHBOR(m{,nj,mp,n7) checks if data point (my,n;) is a neighbor of (ma,n3) by

calculating the Euclidean distance between the GPS position dp; in route m; with GPS
position dp, in route my. If the distance is less than D meters, then the procedure returns a

TRUE value; otherwise it returns a false value. Using this procedure, it is straightforward to
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devise a procedure ASSOCIATE_ROUTES(mj,my) that calculates, for each data point in

route mj, the list of neighboring points in route my. With mj=mjy, this procedure can be
used to generate the initial route neighborhood files. This procedure can also be used to
generate the total neighborhood file from the collection of route neighborhood files by calling
the procedure for ail cases where my#my and adding the results of each call to the total
neighborhood file. Note that since ASSOCIATE_ROUTES is symmetric, i.e.
ASSOCIATE_ROUTES(mj,mp) = ASSOCIATE_ROUTES(my,my), half of the distance

calculations need not be performed.

A new route M+l can be added to the total neighborhood file. by calling
ASSOCIATE_ROUTES(M+1,m) for all m, and also calling
ASSOCIATE_ROUTES(m,M+1) for all m. The first series adds to the new route all
neighbors from all existing routes, while the second series of calls adds to the existing routes
the neighbors in the new route. Similarly, any route m can be deleted from the total
neighborhood file by removing all data points (m.l),...,(m,N(m)) and removing all
references to these data points which may be contained in the total neighborhood lists of the

data points for the other routes.

GEOGRAPHIC BINNING

The binning procedure uses the contents of the total neighborhood file to construct a
collection of geographical bins that represent the area covered by the routes. A bin is defined
to be a contiguous geographical region corresponding to a portion of one or more routes.
The binning step constructs a collection of bins that correspond to the trajectories of the

routes. This collection of bins is a basic component of the final calibration table.

Bins are created sequentially as follows. Initially, all the points in all the routes are tagged as
unbinned. A current route variable is initially set to be the first route, and a current point in
the current route is initially set to be the initial point in the route. Next, a bin is created that
covers a sequence of points starting with the current point and ending with the last
successive point in the route that is still within a minimum binning distance from the current
point. The bin is assigned a bin location and a signature based on the signatures and
locations of the points in the bin, as will be described in more detail below. After the bin is
created, the current point is the first point along the route outside the bin. This point
becomes the first point for the next bin, and a new bin is created. Bins are successively
created along the route in this way until no points remain in the route. After the first route is
binned, the current route is then incremented and the binning is repeated in the same manner
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for the next route. When all routes have been binned in this way, the binning procedure is

completed.

The step of creating a single bin is performed as follows. An initial bin point is set to be the
current point. All the neighbors of the current point are identified by inspecting the total
neighbor list for the point. These neighbors are the points (from any route) that are within a
circular neighborhood of the current point. From the list of these neighbors and the current
point itself,. all the unbinned points are selected. These selected points will be tagged as
binned when the bin is completed, so that they are not included as data for other bins. The
covariance matrices of these points are then averaged to form an average covariance matrix R
associated with the current point. From this average covariance matrix, a covariance
signature U corresponding to this point is then determined. In the preferred embodiment, the
covariance signature U corresponding to a covariance matrix R is the subspace spanned by
the dominant eigenvectors of R. In addition, the covariance matrix itself can be used as the
signature. In the case where there are no unbinned points among the neighbors of the current
point, then no signature value is calculated for the point. In the case where the raw data
includes time delay and code correlation data, these are also averaged and included in the

signature values for the point.

The current point is then incremented to the next point in the current route. If the current
point is less than a predetermined binning distance (e.g., 30 meters) from the initial bin
point, then the above procedure is repeated to again produce a signature for this point. As a
result, one obtains a series of signature values that correspond to points along the current
route within the predetermined binning distance of the initial bin point. In general, the
binning distance may be selected to be any value greater than the neighbor distance D. In the
preferred embodiment, the binning distance is selected to be approximately SO meters for
typical suburban environments. For dense urban environments, the binning distance is
preferably 30 meters, while in rural environments the binning distance is preferably 50
meters or more. The signature values in a given bin are then averaged to form a bin
signature, and the corresponding locations are averaged to form an average location. A bin
location is selected to be the location of the data point closest to the average location.

In a variation of the above step, each of the bins is divided into sub-bins, as illustrated in
FIGS. 8A and 8B. The size and shape of the sub-bins is determined by the location
information error. In the case of GPS with differential correction, the sub-bins are
preferably squares whose size is about 10 m, and the bins have a size of about 30 m. The
locations of raw data points are shown in the figures as empty circles. FIG. 8A shows the
vehicle routes as dotted lines. FIG. 8B shows detail of a bin containing nine sub-bins. For

each sub-bin an average R of the covariance matrices whose locations are within the sub-bin
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is calculated, together with a centroid d of their locations. These sub-bin centroids are
shown in FIG. 8B as solid circles. The same procedure is repeated for the bins. That is, for
each bin k an average Ry of the sub-bin covariances R belonging to the bin is calculated,
together with a centroid dy of the sub-bin locations d in the bin. The centroid for the bin is

shown in the figure as a circled ‘x” mark. In addition, a bin signature Uy is calculated from

Rg.

This process is continued until the points in the route are all binned. The other routes are
then binned in the same way, resulting in a calibration table that incorporates the data from all
the routes. In a preferred embodiment adapted for the AMPS standard, distinct calibration
tables are constructed for various different frequency bands in use, e.g., one calibration table
for each 3 to 6 MHz band of frequency channels. Thus, the calibration table used to derive a

location will be selected in dependence upon the frequency of the signal.

Data from a new route can be incorporated into an existing calibration table without repeating
many calculations unnecessarily. In particular, data from a new route is used to create a new
total neighbor file in the manner already described. All neighbors of the new route, as well as
all the points in the new route, are tagged as unbinned. The calibration table can then be

updated by executing the binning procedure for the new route.

The optimized calibration table does not contain temporally or spatially redundant data, and
contains accurate data due to averaging within each bin. The method also enjoys the
advantage that it does not place constraints upon the specific routes that the vehicles take.
Those skilled in the art will recognize that the present method produces a contiguous map of
a region, providing accuracies often exceeding those of existing survey maps. Thus. the
present method has application to accurate map generation. as well as to location

determination techniques.

DATA COMPRESSION AND ORGANIZATION

In order to provide a fast real-time location finding system, it is preferable to efficiently store
and organize the calibration data. In addition to the signal signature data, it is also preferable
to store some precomputed data that allows for more efficient signature matching during real-
time location determination. One example of a type of precomputed data is a set of N-
dimensional vectors w,...,wnN, each of which is derived from the covariance matrices

R;.....Ry of all N locations. As will be described in more detail later, these vectors can be
used in the signature matching procedure to improve matching accuracy. Each vector is
defined by wk=[Tr{P]Rk},...,Tr{PNRk}]T, where P = UiUiH is the projector onto the

subspace of locatton i. Thus, each component Tr{P;Rg]} of the vector measures the extent to
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which the covariance matrix Ry of location k overlaps with the subspace U; of location i.
This vector can be used to match a real-time covariance matrix R to a calibrated covariance
signature. As will be described in more detail later, a similar vector w can be calculated from
R, and then the quantity G(w,wg) = | w — wy |2 is computed to measure the similarity of
the real-time signature with calibrated signature k. Because these N-dimensional vectors can
take a large amount of storage space, it is desirable to store a more compact representation of
their information. It can be shown that Tr{P;R¢} = piTrk, where p; is a p?-dimensional
vector derived from Pj, and ry is a p2-dimensional vector derived from Rg. Moreover, both
pi and ry have real-value components. Thus, wk=[p|Trk,...,pNTrk,]T. More generally, for
any pxp covariance matrix R, one can derive a vector w=[p]Tr,...,pNTr,]T, where r is a p2-

dimensional vector with real-valued components. In order to reduce the required data storage
space as well as the time required to search the database during real-time location-finding, the

p>-dimensional vectors rj,...rN are stored instead of the N-dimensional vectors

W1....WN. In addition, the p2-dimensional vectors pj,...,pN are also stored. The vectors

w1,...,Wn can then be easily reconstructed in real time as needed.

Another similar technique is based on the following method, which is applicable to more
general distance functions (i.c., functions that are not necessarily linear). Perform a singular
value decomposition (SVD) of the matrix W = [w..wn]. Typically, the SVD of this
matrix will have an effective rank dramatically smaller than N. For example, typically only
about 100 statistically significant dominant eigenvectors result from an SVD of a matrix W
with N=10,000. These dominant eigenvectors span a subspace Wg of the matrix W. The
projector onto this subspace is Pw,_ = WSWSH. Now calculate w = Wg"w and wy =
Wusk for k=1,...,N. The vector w is the projection of the N-dimensional vector w onto
the subspace spanned by the dominant eigenvectors of W. Similarly, vector wy is the
projection of the N-dimensional vector wy onto the same subspace. The dimension of this
subspace is typically about two orders of magnitude smaller than N. Consequently, the
vectors w and wy also have dimension two to three orders of magnitude less than N. Yet,
because the other dimensions may be neglected, no significant information is lost by
replacing the original N-dimensional vectors by these lower-dimensional vectors.
Consequently, the size of the calibration table can be reduced by more than two orders of
magnitude by storing these reduced vectors rather than their N-dimensional counterparts.

The matching of the vector w with vectors in the set of N vectors w,...,wy is performed

by evaluating G(w,wg) for k=1,...,.N. It can be seen, however, that

36

Page 143 of 493



20

25

30

35

WO 00/34799 PCT/US99/24493

Gw,wi) =1l w-wi 12 = || Wgw - Wewy 112 = Il w - wy lI2.

Thus, the compact vectors w. and wy can be used directly in the real time calculation, rather
than the original vectors. Because the dimensions of w._and w are much smaller than the

dimensions of w and .wy, the storage requirements are much smaller and the calculation

speeds are much faster.

Estimation of Antenna Array Manifold Data

The set of array manifold vectors {a(0) : 6=8,...,6; } of antenna arrays are conventionally

determined empirically through array calibration procedures well-known in the art. The
calibration data of the present invention, however, allows the array manifold vectors to be
determined without conventional array calibration procedures. Instead, the array manifold
vectors can be calculated from the signature calibration table, as follows. As shown in FIG.
9, the service region of an LDA 190 contains a set of calibrated locations, shown in the
figure as circled "x’ marks. Consider an angular sector of the service region having an

angular width AB centered around an angle 6. In the preferred embodiment the value for A9

is approximately one degree. This particular value, however, is not necessary for the
practice of the present invention, and various other values will work as well. Contained
within this sector are several calibrated locations dj,...,dg, having corresponding calibrated
signature subspaces Uj,...,Uk. After these subspaces have been identified for a given
sector, each subspace Uj is examined to determine if its largest eigenvector e; has a
magnitude significantly larger than the other eigenvectors in the same subspace. For
example, if the largest eigenvector exceeds the next largest eigenvector by a predetermined
factor, then it is considered to be significantly larger than all the other eigenvectors.
Preferably, this predetermined factor is at least 2, but is more preferably 10 or more. The
result of this examination of the subspaces results in a set of largest eigenvectors. For
example, if all the subspaces have significantly large first eigenvectors, then the set of largest
eigenvectors will contain one eigenvector from each subspace, ej,....ex. These
eigenvectors are then combined to form an average eigenvector for the sector, e,y. Various
techniques can be used to determine e,y from e),...,ex. For example, the K eigenvectors
can be stacked in a matrix, and the singular value decomposition of the matrix can be
calculated to determine the best rank-1 approximation to the matrix. This best rank-I
approximation is then used as the value for e;y. A more accurate estimate of e,y can be
determined by using the initial estimate of e,y to exclude some outlying eigenvectors from

the set of K eigenvectors and then repeating the procedure. The final value of e,y for the
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sector is used as an initial estimate for the array calibration vector a(B) for the sector. Similar
estimates are made for all the sectors around the LDA. These estimates then may be

improved by imposing a continuity condition on the values of a(8) with respect to 0. The
above procedure, therefore, can derive a set of L array calibration vectors a(8y),...,a(8y,) for

a set of L directions 6,...,6; around a LDA.

It should be noted that this technique for generating array calibration vectors from the
location database has several important advantages over known methods of generating array
calibration vectors. Prior techniques typically require that the array be installed and
measured in a special antenna range. The known methods are not useful, therefore, with
many existing antenna arrays. The present method, on the other hand, is effective with
existing antenna arrays since no restriction is being made on the nature of the array or its

supporting structure.

Location Estimation

The approach of the present location determination technique is to measure a real-time
signature of a mobile device whose location is unknown, then match the signature with
similar signatures in the calibration database. Because the signatures are highly correlated
with location, the calibrated locations of the matching signatures will correspond to the
location of the mobile device. Various matching procedures can be used that involve
different types of signatures, different matching techniques, search optimization algorithms,
ambiguity reduction techniques, and so on. The particular combination of techniques used
for matching will depend on the type of signature information available, the characteristics of

the wireless environment, and other factors.

COVARIANCE MATRIX , TIME DELAY, AND CORRELATION MATCHING

In a preferred embodiment, the location of a mobile device in the service area may be
determined as follows. Signals originating from the device at an unknown location are
received at the LDA, and a signal signature is determined from the signals as described in
detail above. In one embodiment of the invention, the signature comprises a covariance
signature S that includes a signal covariance matrix R and a signal subspace U. In another

embodiment, the signature includes a signal covariance matrix and signal subspace for each

of q multipath parts of the signal, i.e., S={U(D),.,U@; RO, R@}. In yet another
embodiment, the signature also includes time delay and/or code correlation information.
Using the calibration table described above, the signal signature is then compared using a
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measure of similarity to a set of calibrated signal signatures which correspond to a set of N

calibrated locations.

The measure of similarity between the measured spatial signature S and a given calibrated
spatial signature Sk may be determined by evaluating a function D(S,Sg) which maps two
signatures to a number indicating their degree of closeness to each other. The value of
D(S,Sk) represents the likelihood that a measured covariance signature § matches a
calibrated signature Sx. Because cach signature S corresponds to a known location d, the
value of D(S,Sx) also represents the likelihood that the transmitter is at location d.

According to one suitable definition, D(S,Sy) is the sum of the traces of the projections of

the measured finger covariance matrices R(1),....R(3) onto the corresponding calibrated

subspaces, which can be calculated as follows:

D(S,Sk) = 39, Tr P Ra),

where P, (D=U, O[UMIH is the projector onto the subspace U, (). In the case where no
multipath  parts are resolved (i.e., g=1), this formula simplifies to
D(S,Sx)=TrP R = kar, where the vectors pg and r are the p2-dimensional vectors
discussed above in relation to the calibration table data compression. Note that this particular

measure does not require that the subspace U be calculated from R, i.e., it does not require
calculating the dominant eigenvectors of R. It will be appreciated that D(S,Sk) can be

defined in many other ways to measure how closely the signal covariance resembles any
given calibrated signature. For example, D(S,S¢) can be defined to be the mean of the

squares of the cosines of the principal angles between the subspaces U and Uy.

In addition to the covariance signature, the signal signature may also include a temporal code

correlation for the signal, C=[C“)T,...,C(p)T]T. which can be compared with similar code
correlations in the calibration database. This comparison can be made using, for example, a
least-squares difference measure. For example, the difference measure between the

measured correlation signature C=[CDT,. . CPPTIT and a calibrated correlation signature
C=[C VT, PHT may be calculated as follows:

D’(C,Cy) =1C-Cyl2 = ij=l 1c9-c0p,
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where

| ) . Ck(j) 12 = ZLizl ;) - Ck(j)(’ri) 2,

This function D’(C,Cy) provides a measure of the “distance” between the measured signal

code correlation and the code correlation of calibrated location k. It can easily be

‘transformed into a measure of similarity by any of various mappings from [0,e) — (0,1]

that map O to 1 (e.g., f(x)=1/(14x)). This separate measure can then be used in addition to
D(S.Sy) in order to improve the accuracy of the match, for example, by keeping only those

locations that closely match the measured signal with respect to both code correlation and

‘covariance subspace measures.

Similarly, the temporal delay signature t=[t(D),...,7(@]T of the measured signal can be
compared to the calibrated temporal delay signature T =[T,(D,...,t,(@]T to provide an

additional measure D”(1,7}) of difference. For example, one may calculate

D”(1,1) = t-y2 = Zqiz g O 2,

This additional measure of difference (or the corresponding measure of similarity) can then
be used in addition to D(S,Sk) and D’(C,Cy) in order to further improve the accuracy of the

match, for example, by keeping only those locations that closely match the measured signal

with respect to all three measures.  More generally, it will be appreciated that various
combinations of the measures D(S,Sk), D’(C,Cy), and D”(1,1;) can be used in various
ways to select locations appropriately. It will also be appreciated that other formulas may be

used to define these functions, provided they mecasure the degree of similarity or difference

between signatures,

In one matching technique of the invention, the measures of similarity and/or difference are
used to select a set of most likely locations as follows. First, by evaluating D(S,S) for all N
locations, a set of likely locations can be selected by taking, for example, the calibrated
locations whose corresponding calibrated spatial signatures are closest to the measured
spatial signature. For example, from the locations k=1,...,N, select a subset of M locations
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k(1),....k(M) such that {D(S,Sk(1)),....D(8,Skm))} is the set of M largest values in the set
{D(S.S)).....D(S.SN)}.  Alternatively, the set of likely locations can be selected by taking
those locations whose corresponding calibrated spatial signatures have at least a minimum
degree of similarity to the measured signature. For example, select a subset of locations
k(1).k(2),....k(M) such that for j=1,..M, D(S8,Sk;) > h, where h is a predetermined
threshold value. This subset of points is illustrated in FIG. 10 as those points above the

dotted line corresponding to the value of h.

Another approach to determining a set of likely locations is to consider the topographical
structure of the surface defined by z = S(x,y), where the function S is defined at bin location
points (xk,Yk)=dk by S(xx,yx)=D(S,Sx), and interpolated at other values of (x,y). The
locations corresponding to the minima of this surface S should be the most likely locations of
the mobile. A systematic search or other analysis of the surface can be used to produce a

small set of locations corresponding to distinct minima of the surface. The best match

corresponds to the least of these minima. Most probably, the actual location will have both

the least minimum, as well as several other minima in close proximity.

Similar selections of likely locations can be made using the difference measures D’(C,Cy)

and D"(1,7y), noting that these measures are difference measures, while D(S,Sy) is a

similarity measure. The selected sets of likely locations using each measure can then be

combined or intersected to obtain a single set of likely locations.

SIGNATURE SPECTRUM MATCHING
Another matching technique can be used in addition to the above techniques to further
improve the performance of the location finding system. To describe this technique, we first

define an N-dimensional vector w by
w = [D(S,S1).....DES.SN)] :

The vector w characterizes how the spatial signature S compares to the entire set of
calibrated spatial signatures Sy,...,SN. This vector w can be thought of as describing a
“spectrum” of the signamre S with respect to the entire set of calibrated signatures
S1....SN. This spectrum can be visualized as the graph of the function D(S,Sy) with

respect to k, as illustrated in FIG. 10. Similarly, define a set of N vectors wy....,wN by

wi = [DSk.S 1) D(S1SN)]-
4]
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The vector wi characterizes how the calibrated signature S compares to the entire set of
calibrated spatial signatures Sj,...,SN. In other words, the vector wy is a “spectrum” of the
calibrated signature Sy with respect to the entire set of calibrated signatures, and corresponds

to a graph similar to that shown in FIG. 10 for w.

Because the spectrum w of a signature contains information about the signature, it can be
used for matching. In particular, the spectrum w of a measured signature can be compared
with the spectrum wy of each calibrated signature. For example, FIG. 11 shows the graph
for the spectrum w superimposed upon the graphs for spectra Wi(1) and wi(2). As is evident
from the figure, the spectrum wy7; is more similar to the spectrum w than to the spectrum
Wwi(1). Thus, location k(2) is more likely than location k(1). More generally, by comparing
the spectrum w with each calibrated spectrum wy, a set of likely locations can be selected,
just as the signatures themselves were compared. For example, define a measure of
difference G between a real-time signature spectrum w and a calibrated signature spectrum
wy using some difference measure. There are many well known techniques for measuring
the distance between two vectors. For example, one may define the distance between the

vectors by a least-squares difference as follows:

Gwwi)=lw-w2=YN_ 11,8 - D(Sk,S)I2.

A set of likely locations can be selected using this measure of difference alone or in

combination with the various measures described above.

The above technique is advantageous and reduces location ambiguity because the comparison
between the vectors w and wy includes comparative information from all N components of
the vectors, and does not merely select locations based on the components of w alone.
Thus, more information is used to compare the measured signal covariance with the
calibrated subspaces, and a more accurate match can be obtained.

Moreover, one can analogously define vectors w’ and w” from D’(C,Cg) and D”(t,7)),
respectively, to obtain functions G'(w’,wy”) and G”(w”,wy"), respectively. The functions
G, G’ and G” can then be used individually or together to select a set of most likely locations

using techniques described above in relation to functions D, D’ and D”. It will be appreciated
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that various combinations of the measures D, D’. D”, G, G’, and G” can be used in various

ways to select locations using the techniques described above, or similar techniques. It will

also be appreciated that other formulas may be used to define these measures.

CALCULATION OPTIMIZATIONS

It should be noted that, in the case where D(S,Sk) = Tr(PyR ], this similarity measure can
be easily computed by D(S,Sy) = kar, where py is a p2-dimensional vector derived from
Py, and r is a p2-dimensional vector derived from R. Moreover, both py and r have real-

value components. Thus, wk=[p1Trk,...,p1\1Trk,]T and w=[p1Tr,...,pNTr,]T. This
technique simplifies the computation of D(8,S¢) and G(w.wy), as well as reducing the

amount of storage space required for precomputed values.

With these simplified representations of w and wy. the closeness of the measured signature
and a calibrated signature can be calculated, as before, with the function D(w.,wy). This
measure, however, was defined using all N components of the vectors. It is desirable,
therefore, to simplify the calculation of D to use the simplified representations of the vectors.
One such technique for simplifying the calculation of D is as follows. Define the matrices

ET = [pi T...pNT] and R = [ry...rn]. It can then be shown that the NXN calibration table

matrix W = [wy..wN] is given by V =P R, and that

G(w,wi) = w - wy [2
=|Pr-Prgl2

=1Qr-Qrgl?

where Q'Q is the Cholesky factorization of P'P. Since Qis a p2xp? square matrix, and

since both ry and r are p2-dimensional vectors, it is very simple to store Q and Qry, and to

compute G(w,wi) =1 Q r - Q rx I2. In a typical embodiment, with p=6 and N=10,000, this

technique provides more than two orders of magnitude savings in storage and computation.

In an alternate technique, a vector w = Ws"w is the projection of the N-dimensional vector

w onto the subspace Wg spanned by the dominant eigenvectors of W = [w..wn].

Similarly, vector wyi = Ws"wy is the projection of the N-dimensional vector wy onto the

same subspace. These vectors have dimensions significantly smaller than N, and thus
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require less storage space. The matching of the vector w with vectors in the set of N vectors
W1,...,wN is performed by evaluating G(w,wy) for k=1,...,N. It can be seen, however,

that
Gw,wi)=1w-wi 2= Wew- Wowy [2=1w - wy 2,

Thus, the computation of G(w,wy) is significantly simplified.

ANGULAR ENERGY DISTRIBUTION MATCHING
Another approach to signature matching that can be used separately or together with the
above techniques involves the use of array manifold vectors {a(8)}. These vectors can be

determined using signature calibration information, as described above, or by other known
techniques. Once these vectors are known, they can be used for locating a mobile device, as
follows. The covariance mairix R for the device is measured as described above. and an

angular energy distribution B(0) for the signal is calculated for each value of 6. Typically,

there are approximately 360 values. In the preferred embodiment, the angular energy
distribution is calculated with a beamforming metric, as follows:

B(8) = a(8)H R a(d).

Alternatively, any high resolution angular energy distribution metric can be used, such as the
MUSIC metric,

B(6) = a(6)H UUH a(®),
where U is the matrix of the dominant eigenvectors of R. A similar function is precomputed
in advance for each of the calibrated signal covariance matrices Ry,...,RN. One then obtains

a set of N angular energy distribution functions B ((6).....BN(8) corresponding to the set of

N calibrated locations. For the beamforming metric, one calculates
By(6) = a(0)H Ry a(B).

Alternatively, for the MUSIC metric one calculates
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Bk(6) = a(6)H U UH a(9),

where Uy is the matrix of the dominant eigenvectors of Rg. This set of functions

B1(6},....BN(0) is preferably calculated in advance and stored in the calibration database.

In a preferred embodiment, a set of likely locations is determined by comparing the real-time

angular energy distribution B(8) of the signal from the mobile device with the calibrated

angular energy distributions B1(0), ..., Bn(8). In the preferred embodiment, these

distributions are compared using a statistical measure G to measure the similarity between B
and each of the calibrated distributions B....,.BN. For example, the measure G can be

defined by the squared difference:

G(B. Bk) =) g | B(8) - B(®) 12

where the sum is over all angles 6=1,...,360. Alternatively, the metric G can be defined as

the Kullback-Liebler distance or other metric. Using this similarity measure G, the set of
likely locations is then selected using techniques such as those already described above for

the similarity measures D, D’, D”, G, G/, and G”.

ADDITIONAL AMBIGUITY REDUCTION TECHNIQUES
In addition to the above techniques which use various types of signature analysis to resolve

ambiguities and improve matching, various other techniques can be used for resolving
ambiguities and improve the accuracy of the location determination technique.

Map Comparisons

One technique for reducing ambiguities is to compare the computed likely locations with
locations on a map. For example, if the mobile device is known to be moving, it can be
assumed that it is most likely in a vehicle constrained to known roads. Thus, any off-road
locations can be eliminated or assigned lower likelihoods, especially if the mobile has a large

velocity.

Tracking
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Another technique for resolving ambiguity is a motion tracking system that associates sets of
likely locations measured over the course of several seconds or minutes. Using realistic
assumptions about the possible changes in phone location over the course of time, the
ambiguities in location can be reduced or resolved. For example, it is very unlikely that a
phone that has been located in one localized region of the service area will suddenly move to
another location several miles away. Motion continuity constraints, in other words, can be
used to eliminate or reduce the likelihood of some locations.

A preferred tracking technique will now be described in relation with FIG. 12. The technique
includes constructing trajectories, called tracks, from the sets of likely locations over the
course of time. These tracks are illustrated in the figure by solid curves. The technique also
includes updating the tracks when each consecutive set of likely locations is obtained, and
determining the likelihoods of the various tracks. Similar techniques are well-known in the
art of military target tracking. The current tracks at any given point in time have an end point
corresponding to the most recent location of the track, and a predicted next point. The end
points are shown in the figure as solid circles at the right end of the tracks, while the
predicted next points are shown as empty circles. Predicted paths, shown as broken lines,
connect the end points with the predicted next points. A set of points corresponding to the
next measured set of likely locations is then obtained using the matching techniques
described above. These measured points are shown as disconnected solid circles. Typically,
in the next measured set of likely locations, some points will be close to the predicted next
points of the tracks and some others will not be close. Clearly, the points that are close to

present tracks are more likely to correspond to the actual location.

Given a set of tracks and a set of likely locations, calculate for each track a predicted next
location and compute its variance (e.g., using the well-known Kalman filter). Using the
likelihoods of the data points in the track, calculate the a priori probability of the track. Next,
among all the possible pairwise associations between predicted next locations of tracks and
the measured set of likely locations, determine the association that maximizes the a posteriori
probabilities of the pairwise associations, i.e. find the best match between the predicted track
locations and the actual locations. Eliminate associations whose distance is greater than a
predetermined association threshold. Terminate any tracks that have a predetermined number
of consecutive association failures. For any unassociated locations, initiate new tracks.
New tracks are considered tentative until they have been confirmed. A tentative track is
confirmed when I locations are associated to it out of J consecutive attempts. The integers I
and J are design parameters that are selected in dependence upon the particular desired
system tracking performance. All the tracks are then filtered using the well-known Kalman
filter. The most likely location of the mobile device is the new (filtered) endpoint of the most
likely track. Typically, there will be various short tracks corresponding to erroneous
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locations, and one longer track corresponding to the correct location. Other tracking
methods may be used to achieve similar results. In addition, this tracking method may be

used alone or in conjunction with other methods of reducihg ambiguity.

Multi-Site Data

Another technique for resolving ambiguity is to combine sets of likely locations obtained
from multiple LDAs. This technique makes use of a set of several LDAs in communication
with each other, e.g., through a central hub. As illustrated in FIG. 13, a hub 192 collects
location information over communication lines 194 connected to multiple LDAs 196, 198,
and 200. Each LDA receives signals from a mobile 202, estimates its current location, and
transmits these location estimates over conventional communication lines 194 to the hub 192.
Thus, location estimates are derived independently by the muitiple LDAs and sent to the hub.
In the case where multiple LDAs have determined sets of likely locations for the same mobile
device, the hub can intersect or otherwise combine these sets to improve the accuracy of and

confidence in the location estimates.

The combination of the sets of likely locations from the distinct LDAs reduces the ambiguity
because the propagation paths of the signal to the different LDAs are different and,
consequently, only the true location is likely to be common to all sets. As a result, this
technique proves highly effective in reducing location ambiguity. It is significant to note that
no temporal synchronization between LDAs is necessary because the location information is
determined independently at each of the separate LDAs. Conventional location determination
techniques, in contrast, often require precise synchronization at multiple base stations in
order to measure differential times of arrival between signals received at the different base
stations. Such techniques also require high bandwidth communication to send batches of raw
timing data to a central hub for location determination computations. The present technique,
in contrast, computes the locations from the raw data at each LDA and only sends a small set
of likely locations to the hub.. Thus, no high speed or high bandwidth communication lines

are required.

In an alternate version of multi-site ambiguity reduction, rather than sending likely location
data from the LDAs to the hub, signal covariance matrices are sent to the hub and signature
matching is performed by the hub rather than by each LDA. In this method. the calibration
data for each LDA is stored at the hub rather than at each LDA. This system architecture
reduces the hardware cost of the LDAs. The hub, on the other hand, is preferably provided
with one or more very powerful computers, which it uses to perform signature matching for
all the LDAs it serves. One approach to performing this matching simply uses the matching
process that would have been used by each LDA, then combines the independently derived
likely locations to reduce ambiguity, just as described above. Alternatively, the hub can take
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advantage of the fact that it has signature data from multiple LDAs to perform more
sophisticated maiching. One technique for implementing this idea is as follows. Let Gy(k)
be a difference measure between a signature measured at a first LDA and the calibrated
signature corresponding to location k for the same LDA. For example, if w and wy are the
measured and calibrated spectra at this LDA, then Gj(k) might be defined by Gjk) =
G(w,wyg). One can also define Gy(k) using various other measures described above.
Similarly, define Ga(k) to be a difference measure between a signature measured at a second
LDA and the calibrated signature corresponding to the same location k for this second LDA.
Now, rather than independently selecting sets of likely locations using Gi(k) and Go(k)
separately, one can select a set of likely locations in one step using Gi(k) and Gy(k)
together. For example, select those locations k such that Gi(k) + Ga(k) < F, where F is a
predetermined difference threshold. Alternatively, one could select the set of M locations
‘k(l),...,k(M) having the smallest sums Gy(k) + Go(k) of all the locations. Because this
technique simultaneously compares the signals with both the calibrated databases, it provides
a higher degree of accuracy and ambiguity reduction than the technique of comparing signals
with the databases independently. It will be appreciated by those skilled in the art that this
technique generalizes in a straightforward way to three or more base stations. It will also be
appreciated that the transmission of covariance matrices from the LDAs to the hub does not
require large bandwidth since each covariance matrix is typically only a six-by-six matrix,

and is typically sent once every 5 seconds.

EFFICIENT SEARCHING TECHNIQUES

In order to improve the computational efficiency of the real-time signature matching, the
calibration data can be organized, and a searching technique can be used to efficiently search
the organized calibration information. According to one such technique, a hierarchical tree
structure, as shown in FIG. 14, is associated with the set of N calibrated locations. The tree
structure is composed of a number of nodes, shown as circles in the figure. Each node is
connected to one higher level node (except for the top node, shown containing the numeral
*1”,) and each node is also connected to a number of lower level nodes (except the bottom
nodes, shown containing the numerals “1/1024™). For simplicity of illustration, the tree in
the figure has only two branches descending from each node. Preferably, there are actually 4
to 16 branches descending from each node, and 3 to 6 levels of nodes. The leaf nodes of the

tree at the bottom level have no lower level nodes.

Using well-known data clustering methods, each location k is assigned to at least one leaf
node at the lowest level of the tree. Typically, each leaf node contains 10 to 30 locations. A
node at the second-lowest level contains the union of the points contained in the lower-level
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nodes connected to it. A similar relationship holds between other nodes in the tree. Thus,
the highest node contains the indices of all N locations in the calibration table, while the
second-highest nodes contain (not-necessarily disjoint)' subsets of these N indices, As
discussed earlier, signatures preferably are matched by comparing the spectrum w of a
measured signature with the spectrum wy of calibrated signatures. This tree-searching
technique, however, can be used with other matching techniques as well. The following
description of the tree search, however, assumes for the sake of illustration that the matching

is performed using the signal spectrum.,

Each node g of the tree has associated with it a mean spectrum vector w,,(q) calculated by
averaging all the vectors wy corresponding to locations in the node q. Also associated with

the node q are precomputed node parameters

Gmax(q) = max { G(w,,(q),wx) such that location k is in node q},

Gin(q) = min { G(w,,(q),wk) such that location k is in node q},

Each leaf node also has associated with it a set of precomputed distances G(w;,wj), for all
pairs w;,wj in the node such that i > j. These precomputed values are preferably stored with

the calibration table data and updated whenever the table is recalibrated.

Using this hierarchical tree-structure and associated data, the process of searching the
calibration database for a matching signature is made much more efficient. The preferred
searching technique has two phases. The tree search procedure used in the first phase of the
matching is an adaptation of the well-known branch and bound algorithm, which traverses
the tree and efficiently eliminates all nodes from the search that cannot contain the best
match. The elimination of nodes from the search is guided by the following rule. A node g

is eliminated if either

G(W, W5,(Q)) = Gax(@) > B
or if
Gnin(q) — G(w, w,y(q)) > B

where B is the distance from w to the best matching vector among the vectors considered

thus far in the tree.

Once a leaf node is reached, an efficient search technique is used to perform the matching
within the node. In this technique. the precomputed values G(w;,wj) for the node are used

to quickly eliminate vectors within the node. Note that the storage requirement for the
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precomputed distances G(w;,w;) is quadratic in the number of points in the leaf node.
Consequently, the number of points in the leaf nodes is preferably kept small in order to
minimize storage requirements. In the preferred embodiment, the number of points in a leaf
node is typically between 10 and 30. The elimination of points from the search process
within a leaf node q is performed using the following rule. A location dy is eliminated if

I G(w, Way(q)) — G(wk, Way(q)) | > B,
orif
| G(wg,wi)- G(wg,w) [ > B,

where B is the distance from w to the best match among the set of vectors considered so far
in the tree, and where s indexes a special point dg selected within the leaf node. Note that

‘this rule does not require any new distance computations beyond the single distance

G(wg,w). Thus, to quickly eliminate as many points as possible, it is important to choose
d; so that the distance between wg and w is small. In the preferred embodiment, the index s

for d; is determined by the following approximation criterion;

§ = arg ming maxy { | G(wg,wk) — G(ws,w) 12 },
or

= arg ming { Zk | G(we,Wi)- Glwg,w) 12 }

where the maxy and the Zk are evaluated over all indices k corresponding to points

considered so far in the node, and the arg ming function ranges over all indices s
corresponding to points not considered yet in the node. This process of point elimination is
continued until all the points in the leaf have been either eliminated or considered.

It should be noted that this efficient matching procedure can be easily extended to search for
a multiple number of best locations. Alternatively. it can be extended to search for a set of
likely locations that satisfy various other criteria. For example, one criterion for a likely

location dy is that G(wg,w) < o. B, where B is the distance to the best match and o is a

constant greater than 1.
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Applications of Location Information

The location determination techniques of the present invention provide real-time location
information of mobile devices with accuracy and confidence higher than any similar land-
based systems. In addition, in contrast with other systems, the present techniques do not
require multiple base stations to determine a location of a mobile device, nor do the present
techniques require modification of existing communication system base stations or mobile
devices. The present techniques also have the unique advantage that they provide accurate
location information in severe multipath environments. Moreover, the accuracy of the
present system actually improves in the presence of severe multipath. These and other
advantages of the present invention provide a unique and practical solution to the long-
standing problem of location determination in wireless communication systems. For the first

time, accurate location information can be determined in severe multipath environments and

in environments where only one base station can receive a mobile device signal. In addition,

this accurate location information can be provided without expensive and elaborate
modification or replacement of the existing communications network hardware. This
significant improvement in location determination, therefore, provides for the first time
techniques that enable the widespread practical realization of many location-based services
that benefit the mobile device users, the wireless communications provider, and third parties.

Many useful applications of real time location information have long been known, but have
not been commercially realized due to the technical and economic difficulties in obtaining
accurate location information. Because the present invention overcomes these difficulties,
these desirable applications can now be realized. Although these applications have been
described in the prior art in relation to other location determination techniques, to the extent
that they are independent of these particular techniques. they may be adapted to make use of
the location determination technique of the present invention. In other words, the
substitution of the present location finding technique in the place of a prior location finding
technique in previously known applications is in most cases an obvious and straightforward
modification. It should be noted, however, that because the present technique is based upon

" a unique approach to the location finding problem. new and useful applications of location

information may be conceived that have not been previously known at all.

WIRELESS SUBSCRIBER SERVICES

The accurate and reliable location information provided by the present invention can be used

to provide many important services to the mobile device users.

Emergency Dispatching
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In the event that a wireless device user places a call (e.g., a 911 call) to report an emergency
situation, the location of the user can be automatically determined and quickly transmitted to
the appropriate authorities to ensure a fast response. In panicu]ar, the location information
derived from one or more LDAs or from an LDA hub is stored in a real-time location
database that is accessible to an emergency dispatcher, e.g., via a computer network
connection. Because the caller’s location can be tracked in real-time, dispatchers and
dispatched emergency vehicles can monitor the location of a user who is not stationary.

Location-Based Service Information

Location information also can be used for location-enhanced information services, e.g., for
providing navigational directions and/or traffic condition information to a motorist, or to
provide information to a caller about nearby restaurants, gas stations, automatic teller
machines, parking lots, movie theatres, and so on. This application can be implemented, for
example, by allowing an information vendor to access the real-time location database of
callers. The caller location information can then be used to access a location-indexed
database of services. The information vendor may be an automated system, e.g., a website

or audio information system,

Vehicle Fleet Management

The locations of commercial vehicle fleets can be tracked in real time in order to assist in the
management of the vehicles. For example, automatic smart vehicular scheduling can use
real-time location information to optimize the use of vehicles based on vehicle locations and
the locations of pick-ups or deliveries. The location information can also be used to optimize
the routes taken by individual vehicles based on current traffic conditions, road condition,
and road construction. Over the long term, location information can also be used to monitor

vehicle use and schedule vehicle maintenance.

Tracking People and Objects

Location information also can be used for remotely monitoring the location of children,
patients, or other individuals. The person need only wear a small micro-transmitter “tag” that
periodically transmits a sufficiently powerful signal to be received by an LDA. A similar
“tag” can be attached to objects such as automobiles to assist in locating them in the event
that they are lost or stolen. In one possible implementation of this application, the location of
the “tag” can be accessed by an authorized subscriber to the service via a website or by

telephone.
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WIRELESS PROVIDER SERVICES

A wireless communication provider can make use of location information to manage wireless
networks individually and collectively. For example, location information can be used to
assist in hand-off between cells, for automatic trunking, for channel borrowing, for channel

.- capacity optimization, to more efficiently allocate cellular frequencies, and to increase the

capacity of the network. The location information can also be used to actively monitor and/or
manage the wireless traffic in a network, e.g., to help determine locations where calls are
dropped, and to help determine where new base stations are needed. Location information
also can be used for location-based billing of cellular calls and to help combat cellular fraud.
It also can be used in conjunction with antenna selection techniques to improve individual
cell efficiency and capacity. Since antennas at existing cellular base stations have differing
directional responses, this technique allows more efficient assignment and use of frequency

~channels within presently existing cells. In particular, by using location information to pool

channels among different sectors, the base station can reduce blocking and increase trunking

efficiency.

In addition, location information provided by the present method can be used to improve the
quality of and extend the range of existing base stations by beamforming in both receiving
and transmission. For receiving, one can use the matrix A stored in the calibration table to
compute the optimal beamformer. For transmission, one has to compute first the
corresponding A matrix for the transmission frequency. This can be done as part of the
calibration process by probing techniques, i.e., by using several different weight vectors and
computing the received signal at the mobile. The matrix A can then be calculated from this

data off-line.

Also, the location finding method can be used to implement location division multiple access
(LDMA) to increase the capacity of cellular systems by allowing several phones to use the
same frequency in the same base station service area. In contrast to switched beam
techniques which divide the service area into large spatial sectors, LDMA divides the service
area into small localized subcells. The subcells are based on the computation of signal
signatures, such as the signal subspace. The shapes and sizes of the localized subcells are
determined by the multipath reflectors in the environment. In particular, each subcell is
characterized by a unique signal signature, so that transmitters in different subcells display
distinct signal signatures. Accordingly, the present technique of LDMA often permits the

isolation of interferers which might otherwise be in the same switched beam sector.

The present invention has an important advantage over spatial division multiple access
(SDMA) techniques in that Jocation-based computations can be done off-line once the
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calibration database for the base station has been determined. Frequency assignment and
beamforming can then be performed quickly in real time since a large amount of
preprocessing has been performed in advance. Conventional SDMA techniques, in contrast,

require complex computations to be performed in real time.

To implement this scheme, the beamforming in both the reception and transmission is
computed from the whole set of A matrices corresponding to all the phones using the
frequency. To compute the locations of all the users, the preferred embodiment is modified
to incorporate techniques, such as those based on high order statistics, that can blindly
estimate the array vectors in the presence of statistically independent interferers. This step
should be carried out on every batch of 100 samples spanning a 1 ms sampling interval.
Beamforming techniques such as this will improve signal to noise ratios, increase the overall
capacity of the cellular network, and allow a higher density of base stations to be deployed.

‘Network management techniques are used to coordinate nearby base stations to efficiently

share frequencies based on the locations of a set of transmitters.

The foregoing system also provides a means for trouble shooting a base station. The array
response matrix A can be used to continually monitor the performance of the array of
antennas and/or equipment at the base station. For example, sudden and dramatic changes in
the elements of the A matrix for all locations are likely due to hardware damage to the base
station. An examination of the A matrices can be used to isolate and identify the damage.
Smaller changes in A may indicate minor hardware changes in the base station and/or
changes in the propagation environment. A comparison of such changes in the array
response at one base station with those at another can be used to determine whether or not

the changes are isolated to one station or common to all stations in the shared environment.

THIRD-PARTY SERVICES

The location information provided by the present invention can be used by various third-
party entities in advantageous ways. For example, highway safety authorities can monitor
metropolitan freeway traffic flow in real time, and obtain location-specific information about
current traffic flow, congestion, likely accidents, etc. This information can be used to
automatically display messages to motorists advising them to take alternate routes to avoid
troubled areas, and/or to automatically dispatch police or fire vehicles to investigate likely
traffic accidents. This traffic information can also be sent or made available directly to

motorists whose locations indicate that they may be affected by the conditions.
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CLAIMS

What is claimed is:

1. A method for location estimation in a wireless communication system comprising a mobile

device and a location determination apparatus, the method comprising:

a) coherently receiving at the location determination apparatus a set of p signals using p

receivers coupled to an antenna array comprising p antenna elements;

b) calculating at the location determination apparatus a signal signature for the mobile device

from the coherently received set -of p signals, wherein the signal signature characterizes a

spatial channel] between the mobile device and the location determination apparatus; and

c) selecting a set of likely locations from a predetermined set of calibrated locations
corresponding to a predetermined set of calibrated signal signatures, wherein selecting the
likely locations comprises maiching the signal signature with similar calibrated signal

signatures.

2. The method of ¢laim 1 wherein the signal signature comprises multipath information of

the spatial channel.

3. The method of claim 1 wherein calculating the signal signature comprises collecting a
batch of p-dimensional signal vectors derived from the received signals, wherein the p-

dimensional signal vectors represent signals originating at the mobile device.

4. The method of claim 3 wherein calculating the signal signature further comprises
calculating a signal covariance matrix R, wherein the calculating comprises combining outer

products of the p-dimensional signal vectors.

5. The method of claim | wherein calculating the signal signature comprises combining

signal covariance matrices derived from outer products of the p-dimensional signal vectors.

6. The method of claim 5 wherein combining the signal covariance matrices comprises
forming a linear combination of signal covariance matrices weighted by factors derived from

an estimated velocity of the mobile device.
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7. The method of claim 5 wherein the combining comprises estimating a velocity of the

mobile device from a pair of recently measured covariance matrices.

8. The method of claim 1 wherein calculating the signal signature comprises comprises
resolving each of the p signals into q multipath parts, and calculating q signal covariance

matrices for the q multipath parts.

9. The method of claim | wherein calculating the signal signature comprises resolving each
of the p signals into q multipath parts, estimating q relative temporal delay times of the q
multipath parts, and forming a temporal delay signature from the q relative temporal delay

times.

- 10. The method of claim I wherein calculating the signal signature comprises deriving p

code correlations from the p signals and forming a code correlation signature from the p code

correlations.

11. The method of claim 1 wherein the selecting comprises evalaating a function measuring
the similarity between the signal signature and a calibrated signal signature.

12. The method of claim 11 wherein evaluating the function comprises computing a trace of

a projection of a signal covariance matrix onto a calibrated covariance matrix subspace.

13. The method of claim 1 wherein the calibrated signal signatures comprise a signature
chosen from the group consisting of a covariance matrix signature, a temporal delay
signature, a code correlation signature, and an angular energy distribution signature.

14. The method of claim 1 wherein the selecting comprises calculating signature similarity

functions for multiple signature types and combining the calculated functions.

15. The method of claim 1 wherein the calibrated signal signatures comprise a set of
calibrated vectors wg, wherein each calibrated vector wy measures a degree of similarity
between a calibrated signal covariance matrix Ry and a collection of calibrated signal
covariance matrices, and wherein the signal signature comprises a vector w measuring
degree of similarity between a signal covariance matrix and the collection of calibrated signal

covariance matrices,

16. The method of claim 15 wherein selecting comprises calculating the difference between
the vector w and a calibrated vectors wy.
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17. The method of claim 15 wherein the dimensions of w and wy are both equal to p’.

18. The method of claim 1 wherein the selecting comprises searching nodes of a tree-

structure indexing the calibrated signatures,

19. The method of claim 18 wherein the searching comprises eliminating nodes of the tree-

structure, and searching calibrated locations within remaining nodes.

20. The method of claim 1 wherein the selecting is performed by the location determination

apparatus.

21. The method of claim 1 further cbmprising communicating the calculated signal signature

" to a hub, and wherein the selecting is performed at the hub, preferably using supplementary

signal signatures communicated from additional location finding apparatuses.

22. The method of claim | further comprising modifying the set of likely locations based on

a comparison of the likely locations with geographical information.
23. The method of claim | further comprising tracking subsequent sets of likely locations.

24. The method of claim 1 further comprising updating the predetermined set of calibrated
signal signatures based on the signal signature and known geographic information.
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METHODS AND APPARATUS FOR MOBILE STATION
LOCATION ESTIMATION

Cross Reference to Related Applications

This application claims the benefit of U.S. Provisional Patent Application
60/281,147, filed April 3, 2001.

Field of the Invention

The present invention relates to methods and apparatus for determining the

location of a mobile station in a wireless network.

Background
Mobile telephone systems, also called cellular telephone systems, are

becoming increasingly popular. These systems are generally made up of cell sites
that are configured to serve an associated coverage area that is referred to as a cell.
The cell site is a location within a cell at which communication hardware such as
antenna(s) and radio base stations are installed. A mobile station operating within a
particular cell in the system communicates with the mobile telephone system
through the associated cell site. The cell sites are in communication with a mobile
switching center that connects the mobile telephone system to a land-line telephone
network.

One reason for the popularity of cell phones is that they can be used for
emergencies. For example, a motorist could use the mobile telephone to call for
assistance in case of a disabled vehicle. Many areas provide a special emergency
cellular telephone number. In other areas, users can call 911, just as they would
from a conventional land-line phone.

One of the problems with using the mobile telephone for emergencies stems
from the mobility of the telephone. Public service providers, such as police, do not
know the location of the mobile telephone calling the emergency number. In
addition, users who call the emergency number often cannot provide enough

location information to allow the public service provider to find them. Thus, it is
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desirable to provide a mobile telephone system that can determine the location of a
mobile telephone and provide that information to public service providers.

Such a mobile telephone location service would be desirable in other
contexts besides emergency responses. For example, a mobile telephone user who is
lost may request location information from the mobile telephone system provider.
The location information could be passed to the user from the system. Yet another
user for such a system would be companies which operate fleets of vehicles. A
home base for company operations could keep track of the locations of its vehicles
by using a mobile telephone location service. Of course there are many other
applications for such a service.

In known techniques for mobile telephone location, the distance between a
mobile telephone and a mobile telephone system antenna in a cell site can be
determined by analyzing the signal strength of a communication signal between the
cell site antenna and the mobile telephqne. If the distance between the mobile
telephone and a number of cell site antennas is calculated, the app'roximaté location
of the mobile telephone can be determined by a geometric process such as
triangulation.

U.S. Patent 4,891,650, describes a vehicle location system which determines

an approximate vehicle location using a cellular telephone system. The location

function is initiated when a vehicle transmits an alarm signal to nearby cell sites.

The cell sites receiving this alarm signal analyze the received alarm signal to
determine its signal strength. The cell sites then send signal sirength information
through the mobile telephone system to an alarm central station. The alarm central
staﬁon then uses the signal strengths reported from various cells to determine an
approximate location of the vehicle. A more accurate location is achieved by
sending out actual tracking vehicles to the approximate location calculated by the
central station. A disadvantage of this system is that each of the cell sites requires
additional components, which will generate and send an appropriate signal strength
report message to a mobile telecommunications switching office. The mobile
telecommunications switching office also needs special functionality to send
appropriate information to a central tracking station that determines an approximate

location of the vehicle using the signal strengths.
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U.S. Patent 5,218,367 describes a vehicle tracking system which uses signal
strengths received from nearby cells to calculate an approximate vehicle location. In
this system, a special purpose mobile telephone determines signal strengths being
received from a nearby cell and generates and sends an appropriate alarm message,
including signal strength information, to a central station via the mobile telephone
system. The central station then uses this information to determine an approximate
location of the vehicle. The system can improve upon the accuracy of the
approximate location if the cells are divided into sectors and particular information
about the antennas in these sectors is used. Once an approximate location is found, a
more accurate location is achieved by sending out actual tracking vehicles to the
approximate location calculated by the central station.

A technique described in U.S. Patent 4,891,650 requires additional
components in each of the cell sites in order to generate and send appropriate signal
strength report 'messages. Since there are many such cells in a mobile telephone
system, such additional components are undesirabie. Thus, there is a need for
mobile telephone location system, which does not require additional components at
each cell site. Other methods are described in U.S. Patent 5,724,660 and U.S. Patent
5,732,354,

Some of the location techniques described in the above patents do not
calculate an accurate location of the mobile telephone. The accuracy of the location
is improved by sending out actual tracking vehicles. However, the need for such
vehicles makes such techniques very expensive. Improved methods and apparatus

for mobile station location estimation are needed.

Summary
Mobile station location methods include determining a geographical location

bz;sed on reported signal strength (RSS) values reported by a mobile station. The
RSS values are compared with sets of RSS values obtained by, for example, signal
strength measurements or signal strength computations, and stored in a memory.
According to representative examples, methods include establishing latitude or
longitude coordinates with a global positioning system processor associated with the

mobile station. Reported RSS values are compared with predetermined RSS values
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associated with the latitude and longitude coordinates. In additional examples, the
predetermined sets of RSS values are revised based on GPS location coordinates
reported by the mobile station.

Mobile station location processors include an input configured to receive
attachment indicators associated with at least two points of attachment of the mobile
station. A memory is configured to store sets of predetermined attachment
indicators associated with the at least two points of attachment, and an estimation
unit is configured to provide an estimate of the mobile station location based on a
comparison of the received attachment indicators and at least one set of the at least
two predetermined attachment indicators. According to additional examples, the
received attachment indicator values are reported by the mobile station. Tn other
examples, the attachment indicator values are reported by one or more points of
attachment. In a representative example, the attachment indicator values are
received signal strength values reported by the mobile station.

Mobile location modules include a processor configured to compare at least
two reported received signal strength values with at least two predetermined
received signal strength values associated with at least two geographical locations in
a wireless network. The mobile location modules also include an output configured
to deliver a mobile location estimate based on the comparison. According to
representative examples, the processor is configured to determine a score associated
with the comparison of the reported received signal strength values with the
predetermined received signal strength values. In additional examples, the reported
and received signal strength values relate to mobile-assisted hand-off.

Location units for estimating a geographic location of a mobile station
include an input configured to receive attachment indicator values associated with a
mobile station, and a processor configured to provide a mobile station location
estimate based on predetermined attachment indicator contours associated with
network attachment points. According to representative examples, the attachment
indicator values are received signal strength values reported by the mobile station
and the attachment indicator contours are received signal strength contours.

Methods of locating a mobile station include obtaining a set of received

signal strength values associated with the mobile station and determining a mobile
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station location based on a comparisoﬁ of the received signal strengths with
characteristic signal strength values. In representative examples, the mobile station
location is determined by selecting a location associated with the characteristic
signal strength values associated with a selected error score. In other examples, the
methods include storing the characteristic signal strength values and retrieving the
characteristic values from a memory.

Methods of locating a mobile station within a geographic service area
include obtaining attachment indicator values for the mobile station. The mobile
station attachment indicator values are associated with a series of attachment points
and are compared with characteristic attachment indicator values associated with the
series of attachment points to obtain a mobile station location estimate. According
to additional representative examples, the methods include reporting the estimated
mobile station location, In other examples, the attachment indicator values for the
mobile station are received signal strength values associated with corresponding
radio base stations and reported by the mobile station. In representative examples,
the mobile station attachment indicator values and the characteristic attachment
indicator values are compared by determining scores, and the estimated mobile
station location is selected based on the scores.

Methods of locating a mobile station include obtaining at least one of a
latitude and a longitude location estimate based on a global positioning system. An
estimate of mobile station location is provided based on a comparison of mobile
station attachment indicator values with characteristic attachment indicator values in
aregion associated with the latitude and longitude estimates.

Methods of estimating a mobile station location include receiving signal
strength values reported by a mobile station and associated with a plurality of
antennas. A first location area of the mobile station is calculated as a geographic
coverage area of a serving cell site and a second location area of the mobile station
is calculated based on a comparison of the reported received signal strength values
with predetermined signal strength values associated with at least one location in the
geographic coverage area. According to representative examples, the predetermined

signal strength values are represented as signal strength contours, and the mobile
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station location estimate is based on associating one or more signal strength contours
with the reported received signal strength values.

Characteristic attachment indicator values can be determined based on a
propagation characteristic between a geographic location and a point of attachment.
In representative examples, the propagation characteristic can be propagation path
slope, antenna pattern roll-off, or other value.

Networks configured to provide location estimates for a mobile station
include a mobile location module that receives attachment indicator values
associated with points of attachment. The network includes a database that includes
characteristic attachment indicator values for geographic locations in a network
service area. A mobile location estimate is provided based on a comparison of the
received attachment indicator values and the characteristic attachment indicator
values. In some examples, the received attachment indicator values are received
signal strength values reported from the mobile station. In additional examples, the
comparison is based on a calculated score associated with the characteristic
attachment indicator values and the received attachment indicator values. In other
examples, the characteristic attachment indicator values are configured as
attachment indicator value contours, and the mobile station location estimate is
based on these contours.

Computer readable media are provided that contain computer-executable
instructions for determining mobile station location estimates. The media include
computer-executable instructions configured to compare reported attachment
indicator values with characteristic attachment indicator values associated with
corresponding geographic locations. In some examples, instructions for determining
the characteristic values are provided.

Methods of providing mobile location information include determining a
mobile location based on a comparison of reported attachment indicator values with
characteristic attachment indicator values associated with respective geographic
locations. In some examples, the mobile location is reported to a service provider,
and, in additional examples, the mobile location determination is repeated based on
updated reported attachment indicator values to obtain an updated mobile location

that is reported to the service provider.
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These and other features are set forth below with reference to the

. accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a geographic service area of a wireless network.
FIG. 2 is a block diagram illustrating a mobile telephone system.
FIG. 3 shows an example mobile-assisted hand-off (MAHO) list that
includes received signal strengths.
10 FIG. 4 illustrates a Hata propagation loss model.
FIG. 5 illustrates a location area as an intersection of circles, wherein radii of
the circles are overestimates of mobile station distances.
FIG. 6 illustrates a location area as an intersection of circles, wherein radii of '
the circles are underestimates of mobile:station distances.
15 FIG. 7 illustrates a location point as an intersection of circles, wherein radii
of the circles are accurate estimates.
FIG. 8 illustrates a method of reducing error components of computed
distances.
FIG. 9 is a graph of latitude and longitude coordinates calculated by a GPS
20  receiver/processor over a time interval.
FIG. 10 is a block diagram of a method of calculating a location of a mobile
station.
FIG. 11 is a schematic block diagram of a wireless communication system.
FIG. 12 is a schematic diagram of a division of a geographical service area
25  into zones.
FIG. 13 is a schematic diagram of an alternative division of a geographical
service area into zones,
FIG. 14 is a schematic block diagram of a mobile station location module.
FIG. 15 is a schematic block diagram of a wireless network that includes a
30  mobile station location module.
FIG. 16 is a schematic diagram illusirating received signal strength contours

based on received signal strength values associated with cells of a wireless network.
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FIG. 17 is a schematic block diagram illustrating a wireless network

configured to provide mobile station locations to a emergency services provider,

DETAILED DESCRIPTION

FIG. 1 shows the geographic serving area 100 of a mobile telephone system.

The serving area 100 is shown having 7 hexagonal cells numbered 1-7. Cell 7 is
shown in the center, surrounded by adjacent cells 1-6. The serving area 100 of a
mobile telephone system would typically contain more than 7 cells, however, for
ecase of reference, only 7 cells are shown in FIG. 1. Each cell 1-7 contains an
antenna 101-107 which is used to transmit signals to and receive signals from
mobile telephones such as a mobile telephone 120 within the mobile telephone
system serving area 100, |

A mobile telephone system 200 is shown in FIG. 2. Cell 7 is shown
containing antenna 107 connected to a radio base station (RBS) 214. The mobile
telephone 120 shown within cell 7 communicates with the mobile telephone system
200 via an air interface 202. For example, the mobile telephone 120 can be a digital
mobile telephone that operates according to a North American time division multiple
access (TDMA) system according an IS-55 standard, and an air interface according
to an IS-54 or IS-136 standard. See, for example, TIA/EIA Interim Standard IS-55-
A “Recommended Minimum Performance Standards of 800 MHz Mode Mobile
Stations,” September 1993; EIA/TIA Interim Standard IS-54-B “Cellular System
Dual-Mode Mobile Station—Basestation Compatibility Standard,” April 1992;
EIA/TIA Interim Standard IS-136 “Cellular System Dual-Mode Mobile Station-
Basestation: Digital Control Channel Compatibility Standard,” April 1995; which
are incorporated by reference herein, In addition, a global positioning system (GPS)
recetver/processor unit 125 can be provided in or otherwise associated with the
mobile telephone 120 which is to be located. This use of the GPS receiver/processor
125 in the mobile telephone 120 will be described in further detail below. Cells 1-7
include respective antennas connected to associated radio base stations (RBS) that

are in communication with the mobile switching center (MSC) 220.
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The cells 1-7 are assigned a plurality of voice channels for transmitting and
receiving voice signals and respective control channels for transmitting and
receiving control data signals. Referring to FIGS. 1-2, consider mobile telephone
120, which is operating in cell 7. The mobile telephone 120 is communicating over
the air interface 202 with the mobile telephone system 200 via antenna 107 and RBS
214. Voice signals are communicated between the mobile telephone 120 and the
antenna 107 via one of the cell’s voice channels, and control data signals are
communicated between mobile telephone 120 and the antenna 107 via the cell’s
control channel. In such a situation, cell 7 i‘s the serving cell since the voice data is
being communicated through that cell. In addition to the communication with the
serving cell, the mobile telephone 120 also monitors the control channels of nearby
cells. The mobile telephone 120, for mobile-assisted hand-off in accordance with
the IS-54 and IS-136 standards, measures the signal strengths of these control
channels of nearby cells. These control channel signal strength measurements are
sent to the MSC 220 as described in further detail below. In addition, the mobile
telephone 120 measures the signal strength of the voice signal it is receiving from
the serving cell site antenna. This voice channel signal strength measurement is
periodically sent by the mobile telephone 12 to the MSC 220 via the serving cell’s
reverse voice channel,

As the mobile telephone 120 travels within the geographic serving area 100,
the signal strength of the voice channel signal between the antenna 107 and the
mobile telephone 120 will vary. As the mobile telephone 120 enters another cell
such as, for example, adjacent cell 5, the signal strength of the control channel signal
from antenna 105 will become stronger than the signal strength of the voice channel
signal from antenna 107, At this point, it is desirable for the‘mobiie telephone 120
to terminate communication over the voice channel with cell 7 and to initiate
communication via a voice channel of cell 5. This operation is called hand-off, and
is used to change the serving cell while the mobile telephone 120 is traveling within
the geographic serviné area 100 so that the mobile telephone 120 maintains voice
channel communication via the antenna with the strongest signal.

In mobile telephones based on the IS-54 and IS 136 air protocols, this hand-
off operation is assisted by the mobile telephone itself. Such a function is called
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mobile-assisted hand-off (MAHO). The mobile telephone 120 maintains a MAHO
list, which contains the signal strengths of the signals that the mobile telephone 120
is receiving over the control channels of nearby cells. Each cell site has a pre-
defined MAHO list. The MSC 220 stores these MAHO lists for each cell site and
sends the appropriate list to the mobile telephone 120, depending on the serving cell
site. These defined MAHO lists generally consist of the cells adjacent to the serving
cell. For example, assutning that cell 7 is the serving cell, an example MAHO list
300 is shown in FIG. 3. The list of channels to measure and to include in the
MAHO list is communicated to the mobile telephone 120 by the MSC 220. The list

300 contains an entry for each of the adjacent cells 1-6 in this illustration, with a

corresponding signal strength (RSST) which represents the signal strengths of the

control channels broadcast by cells 1-6 as received by mobile telephone 120. Thus,
RSSI; represents the control channel signal strength being received by the mobile
telephone 120 from the antenna.101 in cell 1; RSSI, represents the control channel
signal strength being received by the mobile telephone 120 from the antenna 102 in
cell 2; etc.

MAHO measurements are periodically sent from the mobile telephone 120 to
the MSC 220 via the serving cell’s reverse voice channel. The contents of the
MAHO list are determined by the IS-54 standard, and thus all digital mobile
telephones, which comply with this, air protocol will maintain a MAHO list.

It is often desirable to determine a specific geographic location of a mobile
telephone such as the mobile telephone 120 within the geographic serving area 100.
A mobile location module (MLM) 230 can be included in the mobile telephone
system 200 to provide a mobile station location. The MLM 230 includes a
processor 232 and a memory 234. The MLLM 230 is connected to the MSC 220, and
the location function of the MLM 230 can be initiated by the MSC 220 as follows.

Upon initiation of a telephone call by the mobile telephone 120, the RBS 214
sends the MSC 220 the telephone number of the mobile telephone (the A number)
and the telephone number of the telephone being called by the mobile telephone (the
B number). The MSC 220 can be configured to perform an A/B humber analysis to
determine whether a location function is to be performed. For example, the MSC

220 can initiate the location function each time a mobile telephone dials 911. In
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addition, the mobile telephone system provider can offer this location function as a
service to its customers, In this situation, if the user of the mobile telephone 120
dials a certain number, the MSC 220 can initiate the location function and the
location of the mobile telephone could be communicated to the mobile telephone
user. Further, the MSC 220 can determine whether a location function is requested
by referring to a user profile stored in the MSC 220. For example, a company, that |
uses a fleet of vehicles may want a location function performed each time a call is
initiated from one of its mobile telephones. As seen by these examples, by
performing an A/B number analysis, the MSC 220 can initiate a location function
based on various criteria. One skilled in the art would recognize that various other
A/B number analyses could be performed to determine whether initiation of the
location function is requested. If the MSC 220 determines.that a location function is
requested, a location function in the MLM 230 is requested. Whether or not a
location function is initiated, the voice portion of the signal can be sent to the
appropriate destination. For example, if the mobile telephone 120 called a land line
telephone, then the voice signal can be sent to the public switch telephone network
(PSTN). Thus, calls that result in the initiation of a location function do not need to
terminate at the MLM 230. Voice information may be transmitted to the appropriate
location based upon the number dialed.

In one example, the location of a mobile telephone 120 within the geographic
service area 100 can be determined by the MLLM 230 as follows. The MSC 220
passes the following information to the MLM 230. The MAHO list 300 containing
the RSSI,.¢ is sent by the mobile telephone 120. The cell site currently serving the
mobile telephone 120 is identified. The signal strength of the voice channel signal
from the serving cell site, represented as (RSSly), is measured and sent by the
mobile telephone 120.

The MLM processor 232 then executes computer program code 238 stored in
memory 234, The computer program code 238 describes the location algorithm to
be performed by the processor 232, This algorithm is shown in the flow diagram of
FIG. 10. The first step 1002 is to calculate two location zones, zone 1 and zone 2.
Zone 1 is defined by the geographic coverage area of the cell currently serving the

mobile telephone 120. For example, if the serving cell was cell 7 (see FIG. 1) then
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zone 1 would be the geographic coverage area included in cell 7. Zone 2 is
calculated by the MILM 230 as described below in conjunction with FIGS. 4-8.

The first step in calculating zone 2 is to evaluate RSSIy and RSSI1.}, to
determine the three strongest signal strengths. For the present example, assume that
cell 7 is the serving cell and the strongest signal strengths are the voice channel
signal strengths (RSSIy) being communicated over antenna 107, the signal strength
associated with the control channel for cell 2 (RSSI,) being communicated over
antenna 102, and the signal strength associated with the control channel for cell 4
(RSSL) being communicated over antenna 104, Using these signal strengths, itis .
possible to estimate the distance of the mobile telephone 120 from each of the
antennas 102, 104, 107 using the following equation:

RSSI (dBm)=EIRP(dBm)-Propagation Loss(dB) 1)

In the above equation, RSSI is the known signal strength being received by a

. mobile telephone from an antenna. -EIRP is the effective isotropic radiated power of

the antenna, and it depends on the power of the transmitter (TxPower) and the gain
of the antenna (Antenna Gain), such that EIRP (dBm)=TxPower(dBm)+Antenna
Gain(dBi). For each antenna 102, 104, 107, the TxPower (dBm) and the Antenna
Gain (dBi) are fixed constants and thus the EIRP for each of the antennas is a known
value. See, for example, C.A. Belanis, Antenna Theory: Analysis and Design, John
Wiley & Sons, New York, 1982.

The second term of equation (1), Propagation Loss, is modeled based upon
the Hata model, which is illustrated in FIG. 4. The model is of the form:

Propagation Loss(dB)=A4+B log d,
wherein 4 is the 1 km intercept point which depends on the height of the antenna
and the frequency being transmitted and includes a component which is due to the
antenna height above the ground. B is the propagation path slope, and d is the
distance of the mobile telephone from the antenna (in kilometers). As shown in
FIG. 4, EIRP(dBm)-4 is the RSSI value of the line 402 at d=1 km, and B is the slope
of the line at 402. For further information on the Hata model see, M. Hata,
“Empirical Formula for Propagation Loss in Land Mobile Radio Ser\}ices,” IEEE
Trans. Vehicular Tech. Vol. VT-29 (August 1980).

Thus, equation (1) becomes:

Page 193 of 493



WO 02/082832 PCT/US02/10791

10

15

20

25

13
RSSI=EIRP-(A+B log d) 2)
Solving for distance d:
d=10 1 [EIRP-RSSI-A] 3)

B

In equation (3), EIRP is a known constant for each of the cell site antennas;
the RSSI value is known based on measurements made by the mobile telephone 120
and the 1 km intercept point, 4, is a known constant depending on the height of the
antenna and the frequency being transmitted. Thus, the only unknown in equation
(3) is the propagation path slope B. It is known that B is environment dependent and
is generally bound as:

20 dB/dec (line of sight)<B <45 dB/dec (heavy urban).
Typically, propagation path siope is.given in terms of terrain and building density. -
Typically categories are: Suburban: B=30, Urban: B=35, and Downtown: B=40.
Thus, by estimating the value of B for each antenna, the. distances dy, dy, and d; of -
the mobile telephone 120 from antennas 102, 104, 107 respectively, can be

calculated as follows:

1
log(d2) = —8mp2 - rssr2 - 12)
B2

1
log(d4) = —(Emps - RSSI2 ~ A4)
B

1
log(d7) = — (&P - RSSI1 - A7),
B1

wherein EIRP,, is the effective isotropic radiated power of the antenma in cell n, 4y, is
the 1 km intercept point between the mobile telephone 120 and cell n, and B is the
estimated propagation path slope of the environment in cell #.

After the distances d,, d4, and d; are calculated, a location area is determined
by plotting the following circles, as illustrated in FIG. 5:

a circle 502 of radius d, centered at antenna 102;

a circle 504 of radius d4 centered at antenna 104; and

a circle 507 of radius d; centered at antenna 107,
The intersection area 510 of circles 502, 504, 507 estimates the location of the
mobile telephone 120 within the geographic serving area 100. Since the values or

B, B4 and By are estimates, the resulting distances dz, d4 and d; will have a certain
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error component based upon the estimate of B. The calculated distances d,, will
have other error components as well, based upon cell characteristics other than
propagation path slope. Examples of such cell characteristics are the relative height
of the mobile telephone to each cell site antenna and the gain reduction due to
antenna pattern rolloff. The algorithm described herein does not take these other
error components into account. In FIG. 5, dy, ds and d; are overestimates of the
distance of the mobile telephone 120 from each of the antennas 102, 104 and 107,
and thus the resulting location can only be determined to be within area 510.

It is also possible that the resulting distances , d,, d4 and d; would be
underestimates of the distance of the mobile telephone 120 from each of the
antennas 102, 104 and 107. Such a case is illustrated in FIG. 6, in which the
location estimate is within area 602. The area 602 is delimited by drawing the three

lines 606, 607 and 608, which are tangent to the circles 616, 617 and 618

" respectively. These three lines 606, 607 and 608 are adjusted such that they define a

triangle of reduced area. The area défined by such a triangle is the location estimate
area shown in FIG. 6 as area 602.

If the resulting distances d,, d4 and d; are accurate estimates of the distance of
the mobile telephone 120 from each of the antennas 102, 104 and 107, then the
drawn circles would intersect at a point. Such a case is illustrated in FIG. 7, in
which the location estimate is shown as point 702.

Since the only variable in the distance equation is the propagation path slope
B, it is possible to improve the accuracy of the Jocation estimate by varying the
estimates or B,, B4 and B to reduce the error component of the calculated distances
dz, dg and dy,

The basis for this technique is illustrated in FIG. 8. Lines which represent
the distance between antennas 102, 104, and 107 are drawn. Line L;_; represents the
distance between antennas 102 and 104. Line L, represents the distance between
antennas 104 and 107. The lengths of lines L4, L7 and L47 are known because the
locations (in latitude and longitude coordinates) of the cell site antennas are known.
As before, the lines d,, ds and dy represent the calculated distances of the mobile
telephone 120 from each of the antennas 102, 104 and 107, respectively. The angles

Page 195 of 493



WO 02/082832 PCT/US02/10791

10

15

20

25

30

15

m, 1, and o can be obtained as functions of the distances d,dy, d7 from the following
expressions based on the law of cosines: '

Ly g=d?+d2-2dxd; cos (m)

Lys= di+d-2dyd;cos (0)

Le7=di+d-2d,dy cos (n).
Referring again to FIG.8, the sum of the angles m, n, and o is 360 degrees so that
360 - (Lm + £n+ ZLo)=0.

The calculation of the distances d,, d; and d; tends to be most accurate when
each of these angles is positive and the sum of the angles is 360 degrees. The only
variables in the calculations of d,, d4 and d; are the propagation path slopes B, B4
and By, respectively, which values are generally between about 20 dB/dec and 45
dB/dec. Thus, the values d,, d4 and d; are calculated using equations 4, 5 and 6
while varying the propagation ﬁ)ath slopes By, B4 and B; between 20 dB/dec and
45 dB/dec. The resulting distances d,, and d4 aﬁd d'7 are then used to evaluate the
sum of angles m, n, and o. The values of d,, and d, and d; for which the sum is
closest to 360 with all its terms positive gives values for dj, and d4 and d; with
reduced error components.

When the distances d,, ds, and d7 with reduced error components are found,
the location area of the mobile telephone 120 is determined by plotting appropriate
circles as described above. The geographic location (i.e. latitude and longitude) of
antennas 102, 104, 107 in the geographic serving area 100 are known and, in one
embodiment, are stored as cell site-information 236 in the memory 234 of the MLM
230. The MLM 230 uses these known cell site locations to determine the
geographic location of the estimated location area by, for examplé, plotting the
estimated location area on a map. This calculated location area is the zone 2
location. The MLM 230 can also include a database 250 configured to provide sets
of RSS values corresponding to mobile station locations in the geographic service
area of the network.

As discussed above, a GPS receiver/processor unit 125 can be used as a
component in the mobile telephone 120 which is to be located. As is well known in
the art, a GPS receiver/processor receives signals from satellites orbiting the earth

and translates these signals into latitude and longitude coordinates of the position of
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the GPS receiver/processor. A typical GPS receiver/processor is accurate to within
approximately 50 feet. The MLM 230 uses information provided by the GPS
receiver in the mobile telephone 120 to increase the accuracy of the geographic
location estimate.

A known problem with GPS receivers is that location accuracy requires line
of sight communication with multiple satellites and do not return accurate latitude
and longitude coordinates if a line of sight to the satellite receivers is blocked. For
example, GPS receivers typically do not report accurate coordinates when located

inside a building or in wooded areas. This limitation can be compensated using the

~ last GPS coordinate position which is within a predefined confidence level. This is

~ accomplished by using a caloulated average latitude and longitude position, along

with a latitude and longitude error as follows, _

FIG. 9 shows a graph of the latitude and longitude coordinates calculated by
a GPS receiver/processor 125 over'time intervals (t1.15). At each time interval t,,, the
GPS receiver/processor 125 calculates the current coordinates of the mobile
telephone 120. At time ty, the latitude coordinate is represented by Lat(t,) and the
longitude coordinate is represented by Long (t,). The coordinates Lat(t,) and Long
(tn) calculated by the GPS receiver/processor 125 will generally vary smoothly over
time. However, of the line of sight to the satellites is blocked, for example if the
mobile telephone 120 enters a building, the calculated coordinates will not be
accurate. This is illustrated in FIG. 9 at intervals tg.12.

The GPS receiver/processor 125 is configured to compute the average of the
latitude and longitude coordinates over a predetermined sliding time window, where
the average latitude and longitude for the window ending at time period t, is
represented as Lat_Avg(t,) and Long_Avg(ta) respectively. The length of the sliding
time window is programmed into the GPS receiver/processor 125 and can vary
depending on, for example, the desired accuracy and/or particular application. If
this sliding time window is defined as N time periods, then the average latitude and
a longitude coordinates Lat_Avg(t,) and Long Avg(t), respectively, for the time
window ending at t, is an average of N latitude coordinates and N longitude

coordinates associated with times tyn+1, . . - tn.
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The values of Lat_Avg(t,) and Long_Avg(t,) can be continuously computed
by the GPS receiver/processor 125 at successive time periods. For example, if the
time period of the sliding time window N is set to 5 time periods, then the time
window ending at time period tg is shown in FIG. 9 at 905. The values of
Lat_Avg(ts) and Long_Avg(ts) would be calculated by the GPS receiver/processor
125 at time tg as averages of 5 values associated with times t4, . . .,ts.

In addition to the average coordinates, the GPS receiver/processor 125 also
calculates a peak error of the latitude and longitude coordinates during the time
window. The peak error for the latitude coordinate for the time window ending at
time t, is represented as Error_Lat(t,), and the peak error for the longitude
coordinate for the time window ending at time t, is represented as Error_Long(t,).
These peak errors are calculated by comparing the instantaneous latitude and
longitude coordinates for each time period during the time window with the average
coordinates of the time window.as follows: .

Error_Lat(ty)=max{|Latan:1...n-(Lat_Avg(t.))| }

Error_Long(ty)=max{|Long,n:1...n-(Long_A4vg(t,))|}
For example, to calculate the peak error for the time window ending at time ts, the
calculation would be:

" Error_Lat(ty)=max{|Lats...s-(Lat_Ave(ts))|}

Error_Long(tg)=max {|Longa...s-(Long_Avg(is))|}
Thus, the instantaneous latitude coordinates Lat(ts), Lat(ts), Lat(t), Lat(t7), and
Lat(tg), are compared with Lat_Avg(ts), and the largest deviation from the average
latitude is the peak latitude error. Similarly, the instantaneous longitude coordinates
Long(ts), Long (15), Long (s), Long (t7), and Long (tz) are compared with
Long_Avg(ts), and the largest deviation from the average longitude is the peak
longitude error. As an illustration, consider the time window 916 ending in time
period ti2, in FIG. 9. The value of Lat_Avg(t;,) is represented by the line 910. The
largest deviation from line 910 is the instantaneous latitude Lai(t1) represented at
point 914. Thus the peak error Error_Lat(t;s) during time window 916 is
represented as the distance 912 between Lat(t;o) 914 and Lat_Avg(t2) 910.

The GPS receiver/processor 125 uses the etror values of Error_Lat(t,) and

Error_Long(t,) to store the last reliable coordinates in the storage registers as
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follows. These storage registers may be memory location in the GPS
receiver/processor. Alternatively, these storage registers may be memory locations
in a separate memory unit which is accessible by the GPS receiver/processor 125.

At each time interval t,, the GPS receiver/processor 125 compares the peak error
values Error_Lat(t,) and Error_Long(t,) with programmed error thresholds

Err Thresh_Lat and Err_Thresh Long. As with the programmable sliding time
window, these thresholds can vary depending on the desired accuracy and/or
particular application. These thresholds are defined such that if the peak error
values Error_Lat(t,) and Error Long(t,) are within the thresholds Err Thresh Lat
and Err_Thresh_Iong respectively, then it can be assumed that the instantaneous
coordinate values Lat(t,) and Long(t,) are within acceptable reliability limits. At
each time period t,, if the peak errors of both the latitude and longitude are within
the threshold values, then the instantaneous codrdinate values are stored in memory
registers Lat_reg and Long_reg respectively. If the peak errors for either the latitude
and longitude are not within the threshold values, then the instantaneous coordinate
values Lat(t,) and Long(t,) are not stored in memory registers Lat reg and Long reg
respectively. This technique assures that the memory registers Lat_reg and

Long reg contain recent reliable latitude and longitude coordinates.

In addition to the information sent by the mobile telephone 120 described
above, the following GPS information is sent over the air interface 202 to the mobile
telephone system 200 during each time period t,: |

Lat(t,) and Long(t,);

Lat_reg and Long_reg;

Error_Lat(t,) and Error Long(t,); and

Err_Thresh_Iat and Err Thresh Long.
The MSC 220 operates as described above to initiate the location fimction of the
MLM 230 under certain conditions. The algorithm 238 stored in memory 234 of
MLM 230 instructs the processor 232 to operate as described below in conjunction
with FIG. 10. Thus, upon initiation of the location function, the MLM 230 operates
according to the flow diagram of FIG. 10 to calculate the location of the mobile

telephone 120.
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As discussed above, zone 1 is defined by the geographic coverage area of the
cell currently serving the mobile telephone 120 and zone 2 is the location area
calculated by the MLM 230 as described above in conjunction with FIGS. 4-8.

Zone 1 will generally define an area larger than zone 2. Referring to FIG. 10, in step
1004 the MLM 230 determines if the peak latitude and longitude error values for the
current time window are within the predetermined threshold error values. If they
are, then the instantaneous latitude and longitude coordinates Lat(t,) and Long(t,)
are considered to be of acceptable accuracy and they are used for further processing
in step1012. In step 1012 it is determined whether the instantaneous GPS
coordinates define a location which is within zone 1. If not, then the MLM 230
returns the zone 2 location estimate with a moderate confident level in step 1010, If
step 1012 determined that the instantaneous GPS coordinates define a location
which is within zone 1, then'in step 1020 it is determined whether the instantaneous
GPS coordinates define a location which is within zone 2. If they do, then the MLM
230 returns the instantaneous coordinates as the location estimate with a high
confidence level in step 1024, If the instantaneous GPS coordinates do not define
location which is within zone 2, then the MLM 230 returns the instantaneous
coordinates as the location estimate with a moderate confidence level in step 1018.

Ifin step 1004 the MLM 230 determines that the peak latitude and longitude
error values for the current time window are not within the predetermined threshold
error values, then the instantaneous latitude and longitude coordinates Lat(t,) and
Long(t,) are considered not to be of acceptable accuracy, and the latitude and
longitude values stored in the memory registers Lat_reg and Long_reg are used for
further processing in step 1006. In stepl 1006 it is determined whether the GPS
coordinates stored in the memory registers define a location which is within zone 1.
If not, then the MLM 230 returns the zone 2 location estimate with a low confidence
level in step 1008. If the GPS coordinates stored in the memory registers define a
location which is within zone 1, then in step 1014 it is determined whether the GPS
coordinates stored in the memory registers define a location which is within zone 2.
If not, then the MLM 230 returns the memory register coordinates as the location
estimate with a moderate confidence level in step 1016. If the GPS coordinates

stored in the memory register define a location which is within zone 2, then the

Page 200 of 493



WO 02/082832 PCT/US02/10791

10

15

20

25

30

20

MLM 230 returns the memory register coordinates as the location estimate with a
high confidence level in step 1022.

Once the geographic location area is determined, the MLM 230 routes the
information to the appropriate end user destination. The appropriate routing
information 240, in one embodiment, is stored in memory 234 _of the MLM 230. For
example, if the location function was initiated because of a 911 call from the mobile
telephone 120, the MLM 230 will route the location information to the appropriate
public service provider. If the location function was initiated because the MSC
determined that the cellular telephone number belonged to a fleet company, the
location information would be sent to the appropriate fleet company. Further, the
location information could be communicated to the mobile telephone 120 itself if the
request for location information came from the user of the mobile telephone 120.

Power levels obtained by a mobile-station and used in MAHO, or other sets
of received signal strengths, power levels, or communication parameters can be used
to locate a mobile staﬁon based on power contours or other predetermined power
levels associated with an arrangement of cells. For example, as shown in FIG. 11, a
mobile station 1102 transmits a set of received signal strength (RSS) values such as
those illustrated in FIG. 2 to a network 1104 configured to deliver the reported RSS
values to a mobile location module (MLM) 1106. The mobile location module 1106
includes a processor 1108 configured to receive the set of RSS values and identify a
mobile station location based on sets of RSS values associated with a plurality of
locations in a coverage area. As shown in FIG. 11, the sets of RSS values are stored
in a database 1110. Typically the MLM 1106 is associated with a base station and
the database 1110 includes sets of characteristic or predetermined RSS values
associated the geographic area served by a particular base station. While cells are
shown as contiguous and non-overlapping in FIG. 1, networks can include
overlapping cells or geographic gaps between cells. Databases associated with
several cells can include similar predetermined RSS values.

In a representative example, a network service area 1200 or a portion of a
network service area such as a cell is divided into a service grid 1202 as shown in
FIG. 12. The service grid 1202 is associated with a rectangular array of zones Zy

corresponding to coordinates (X1, Y7), respectively, where I, J are integers associated
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with a number of rows and a number of columns, respectively. For convenience, a
division into 16 rectangular zones is illustrated in FIG. 12, but a service area can be
divided into fewer or more zones. Zones can be associated with a service area of
one or more cells, or an entire network service area can be divided into a single set
of zones. Zones can also be established based on nonrectangular grids such as
triangular, square, hexagonal, curved, or other grids. In addition, the division can
include a variety of regular and irregular shapes. The service area divisions can
have different areas as well.

A mobile station location estimate can be obtained based on predetermined
sets {RSS} of received signal strengths RSS by identifying a zone for which the
reported RSS values match a set of RSS values associated with the zone. Matching
can be determined based on computation of, for example, a sum of mean square
differences between the reported RSS values (or some of these values) and the
predetermined, stored zonal RSS values. While a mobile station typically reports -
several RSS values, zone matching can be based on computations using only
selected RSS values. After a zone is selected, coordinates associated with the zone
are provided as an estimate of mobile station location. Zone dimensions can be used
to provide a location error estimate.

Another representative division of a network service area or a cell service
area is illustrated in FIG. 13. Zones 1301-1312 are associated with perimeter
coordinates (X,Y) that correspond to zone corners in the example of FIG. 13. For
example, the zone 1301 is associated with perimeter coordinates (X1,Y1), (X2,Y1),
(X1,Y2), and (X2,Y?2) that correspond to sets {RSS(1,1)}, {RSS{2,1)}, {RSS(1,2)},
and {RSS(2,2)} of received signal strength values, respectively. A mobile station
location estimate can be identified based on RSS values reported by a mobile station
(reported RSS values, or RSS(mobile)). If a zone area is unacceptably large for a
predetermined positional accuracy in 2 mobile station location estimate, mobile
station location can be based on interpolation using the sets {RSS} of predetermined
RSS values associated with one or more zones.

The mobile location module 1106 processes the set of reported received
signal strengths {RSS(mobile)} to provide an estimate of mobile station location by

associating the set {RSS(mobile)} with one or more of the sets {RSS} of received
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signal strengths in the database 1110. An estimate of mobile station location
corresponds to coordinates associated with the selected set of stored RSS values.

In an example, a mobile station location is estimated as described above
based on, for example, triangulation using three RSS values. The triangulation
procedure, with or with additional error corrections such as that described above,
can be used to establish an initial mobile station location estimate (Xest, Yest). The
mobile location module 1106 then compares reported RSS values with sets of RSS
values associated with a grid such as the grids 1200, 1300, or with RSS values at one
or more locations in a geographical area near the initial mobile station location |
estimate (Xext,Yest). Typically, these RSS values are stored in a database such as
the database 1110 of FIG. 11. Based on the predetermined sets {RSS}, a second
mobile location estimate is obtained.

With reference to FIG. 14, a mobile location module 1400 includes a

database 1401 configured to store sets of RSS values associated with grid locations .

14024, .. ., 1402g. A processor 1404 is in communication with the database 1401
and is configured to receive data such as mobile-assisted hand-off data, typically a
set of RSS values that are reported by a mobile station. The processor 1404
computes a score for all or selected RSS sets from the database 1401 based on the
reported RSS values. The score values can be configured so that high values are
associated with RSS values that do not correspond to a selected location while low
scores indicate that the reported RSS values are similar to values of a selected
location, or the score values can be otherwise configured. In a particular example,
four grid locations associated with favorable score values are selected and stored in a
memory 1406 and these grid values are communicated to an interpblator 1410 that
provides interpolated location values at an output 1412. Typically, interpolation and
score computation are produced with a microprocessor, workstation, an embedded
processor, or special purpose processing hardware and software, so that the
processor 1404 and the interpolator 1410 can be provided in the same hardware.

In some examples, a first mobile location estimate is based on the stored sets
of RSS values and triangulation based estimation is not used, or triangulation based
estimation is used in conjunction with RSS values. Altematively, a GPS system

associated with the mobile station can be used to establish a first mobile location
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estimate (Xest, Yest) and stored sets of RSS values are used to produce a second
mobile location estimate.

In other examples, a mobile location estimate is based on the sets of RSS
values, and GPS, triangulation, or other methods are used to produce a second
estimate based on the first estimate. As noted above, the sets {RSS} can include
two or more power levels and typically include six or more RSS values, and mobile
location estimates can be based on one or more of the RSS values while some RSS
values afe not used.

Comparison of reported RSS values with stored sets of RSS valuesin a
database can be performed based on, for example, evaluation of a sum of squares of
differences between the reported RSS values and stored RSS values associated with
one or more geographical locations. Typically, one or more geographical locations
(X,Y) associated with a minimum or a relatively small sums of squares are selected -
as mobile station location estimates. If more than one location is selected, additional -
methods such as triangulation based methods can be used to select among multiple

location estimates. Alternatively, GPS based locations can be used to select a likely

" mobile station location. Although it is unlikely that a single estimate cannot be

extracted from multiple location estimates, more than one mobile station location
estimate can be reported to an emergency responder or other recipient,

According to some examples, mobile station locations are established by the
a mobile network location module based on one or more series of received signal
strength (RSS) contours obtained by, for example, measurements of received signal
strength or calculated received signal strengths. With reference to FIG. 15, a
wireless communication system 1500 includes a mobile station 1502 such a portable
digital assistant or other mobile device that communicates via an air interface 1503
with a mobile switching center (MSC) 1504. The MSC 1504 is in communication
with a mobile network location module (MLM) 1506 that is configured to estimate a
mobile station location based on received signal strength (RSS) contours associated
with radio base stations. The contours can be stored in a database 1508 as values
RBS(1)...RBS(N) corresponding to respective radio base stations, wherein N is a

number of radio base stations.
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FIG. 16 illustrates representative cells 1602, 1604, 1606 and associated radio
base stations (RBS) 1610, 1612, 1614, respectively. Received signal strength (RSS)
contours 1620-1623 and 1630-1633 that are associated with, for example, cells
1602, 1604 are shown. In general, additional contours associated with other RSS
values (i.e., additional radio base stations) are used but these contours are not shown
in FIG. 16. The contours 1620-1623 and 1630-1633 are associated with locations
for which received power levels from respective radio base stations are
approximately equal. In an example, the mobile station is in communication via the
cell 1602 (RBS 1610) and reports a received signal strength from RBS 1610 that is
associated with the contour 1623. The mobile location module selects geographical
locations associated with the contour 1623 as possible locations of the mobile
station. Because the mobile station 1604 reports a set of RSS values, additional
power contours associated with additional radio base stations can be used to locate -
the mobile station. For example, the mobile station reports an RSS value associated
with the fadio base station 1612. - As an example, if this RSS value can be associated
with the contour 1630, the mobile station location estimate can be improved and an
estimated location is associated with regions 1650, 1652, This procedure can be
repeated for additional RSS values and an estimated mobile station location can be
reported based on the identified contours.

Contour spacing can be set based on an acceptable spatial resolution so that
associating one or more contours with associated reported RSS values permits a
mobile location estimate to have a predetermined spatial resolution. Alternatively,
interpolation or other method can be used to increase spatial resolution and establish
mobile locations between contours.

Mobile station location estimates based on received signal strength contours
can be enhanced or verified using triangulation based methods, GPS based methods,
or RSS pattern based methods. Typically the set of RSS values includes six or more
received signal strength values but only one or more of these values can be used to
establish a mobile location. In some examples, identification of a contour based on
a first RSS value is used to establish a range of locations. In addition, a received
voice power level RSSy can be reported by the mobile station and used in

preparation of mobile station location estimates in this or other methods.
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While computation of an error score associated with a comparison of
reported RSS values with predetermined sets of measured or calculated RSS values
can be used to estimate mobile station location, such estimates can also be prepared
based on signal strength patterns. For example, ratios of the reported RSS values
can be compared with ratios of the predetermined RSS values. Alternatively, the
predetermined RSS values and the set of reported RSS values can be correlated to
identify a set of predetermined RSS values similar to the reported RSS values, and
an associated location provided as a mobile station location estimate. Other pattern
recognition methods can also be used.

FIG. 17 illustrates emergency services provided by a wireless network that is
configured to report mobile station locations. A mobile station 1702, such as a cell
phone, PDA, or other mobile or portable device voice, data, or voice/data device,
reports one or more received signal strength values to a mobile switching centér
(MSC) 1706 using an air interface 1704. The mobile switching center 1704 delivers
the reported RSS values to a mobile positioning center (MPC) 1708 that is in
communication with a position determining processor (PDP) 1710. The mobile
positioning center 1708 is also in communication with a public-safety answering
point (PSAP) 1712 that is configured to communicate with an emergency services
(911-selective) router 1714. The MSC 1706 is also in communication with the
911-selective router 1714,

In operation, the mobile station 1702 initiates an emergency services (911)
request that is communicated via the air interface 1704 to the MSC 1706. The MSC
1706 sends a message to the MPC 1708 indicating that a 911 call has been placed
and that the MSC 1706 is configured for mobile location services. The MPC 1708
returns routing instructions to the MSC 1706 so that the call is routed to the PSAP
1712 via the 911 selective router. The MPC 1708 queries the MSC 1706 for RSS
values and requests that the mobile station report RSS values. The MSC 1706
forwards reported RSS values to the MPC 1708 and the PDP 1710 delivers a mobile
location estimate to the MPC 1708. The PSAP 1712 queries the MPC 1708 for the
mobile location that is communicated by the MPC 1708. As the emergency services

request continues, additional requests for mobile location can be serviced so that
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movement of the requestor can be traced. Based on these additional location
estimates, other information such as direction of travel can be obtained.

While determining a location of a cell phone in a wireless network is
important for providing emergency services based on an emergency _services number
such as 911 service, mobile location estimates can be included in other applications
such as identification of a mobile location with respect to other users of a mobile
network or determination of user location with respect to services such as dining,
shopping, accormnodationé, entertainment, transportation, or other services. Such
locations can be established without reference to dedicated positioning systems such
as GPS and GPS hardware is unnecessary. Because GPS signals are relatively weak,
location determination based on MAHO parameters permits location determination
even in indoor or covered areas in which GPS signal reception is difficult or
impossible. However, GPS can be used in as'sociation with MAHO based methods.

Location determination can also be similarly implemented in other networks
that include mobile-assisted handoff. For example, wireless networks based on so-
called BLUETOOTH technology, or on IEEE 802.11, can be configured so that
mobile devices report received signal strengths. In addition, wireless networks using
TDMA, CDMA, FDMA, or other protocols can be configured to implement mobile-
assisted location services. Such networks can include control channels, voice
channels, data channels, or other communication channels, and reported power
levels in any of these channels can be nsed in mobile location.

Mobile station location methods and apparatus are described above with
reference to selected communication standards, buf in other examples additional
systems are used. For example, systems based on the Global System for Mobile
Communication (GSM), IS-95, IS-54, General Packet Radio Service (GPRS), the
Digital Cordless European Telecommunication (DECT) service, or Cellular Digital
Packet Data (CDPD) service, GERAN (GSM/EDGE) service, or combinations
thereof can be provided. Location methods and apparatus can be configured for
systems that provide wide area voice coverage, local voice coverage, wide area data
services, local area data services, or combinations thereof.

Representative examples of handoff are described above with reference to

handoff in voice networks based on base stations. In general, a connection between
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a mobile or portable device and a network is made at so-called points of attachment.
In cellular telephone networks, base stations generally serve as points of attachment
while in wireless local area networks (WLANSs), éo-called access points serve as
points of attachment. In some examples, 2 mobile device can connect to a network
with base stations or access points. Received signal strength (RSS) values can be
associated with network points of attachment, but other parameters such as path loss,
symbol error rate, bit error rate, signal-to-interference ratio, carrier-to-interference
ratio, block error rate, or other parameters can be used. For convenience, such
parameters are referred to as attachment indicators.

In wireless networks in which a mobile station reports power levels
periodically, mobile station location can be updated or tracked while voice or data
communication is in progress, without interrupting communications. Accordingly,
the movement of a mobile station can be tracked which can be especially important -
in supplying emergency services. In some TDMA systems, such received power
levels are reported as often as once per second.

Signal strength contours and/or grids can be established in several ways.
Becanse sophisticated radio frequency (RF) design software is available, RSS or
other characteristic attachment indicator values can be calculated as a function of
location of with spatial grids having dimensions of 50 m or less. A number of RF
factors can be used in such a calculation including antenna height, antenna type,
down-tilt, beam width, effective radiated power, and ground clutter. Such
computations can include consideration of geographical factors such as surface
topography and other factors. Such computed RSS values can be confirmed by field
measurements and deficiencies in predicted values can be corrected or compensation
based on field measurements. Alternatively, RSS values can be based on a series of
measurements obtained by, for example, driving a vehicle in the geographical
service area and recording RSS values. In other alternatives, some values are
predicted based using RF design sofiware while other values are measured. In
addition, as RSS values are reported in association with actual GPS values, contour
or grid values can be revised based on these measurements during network use,

without use of dedicated hardware or additional support personnel.
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Methods and apparatus are described above with reference to received signal
strengths associated with one or more points of attachment to a network. In other
examples, error rates, propagation delays, or other parameters can be associated with
points of attachment and used to estimate locations. In addition, estimates are
typically based on comparisons with signal strengths associated with three or more
points of attachment, but in some examples, signal strengths associated with two
points of attachment can be used. In some examples, attachment indicator values
associated with attachment points are calculated or measured and stored in database.
In other example, appropriate attachment indicator values are established as needed
by, for example, computation based on propagation characteristics or interpolation
based on stored values. Attachment indicator values associated with geographical
locations can be referred to as characteristic attachment indicator values and such
values can be stored, calculated, or measured.

. Because mobile station location can be based on RSS values that are reported
during normal network operation, such location methods tend to be reliable. In
addition, any network failure that would impair mobile station location estimation is
associated with other networks errors in routine network use so that such failures
tend to be detected promptly. Other advantages of RSS level based mobile location
determination is that the mobile station need not be a network subscriber, because
RSS level reporting can be performed by non-subscribers. Thus, emergency
services such as 911 calling are available to non-subscribers or to mobile stations
that are not initialized, or that have no associated phone number.

Characteristic values associated with a network or a portion of a network
can be stored in a memory. As used herein, memory includes random access
memory (RAM), read-only memory (ROM), hard disks, floppy disks, magnetic tape,
and other storage media.

Examples are described above with reference to representative mobile

devices and wireless networks. These examples are illustrative, and these examples

~ can be modified in arrangement and detail. We claim all that is encompassed by the

appended claims.
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We claim:

1. A mobile station location processor, comprising;

an input configured to receive attachment indicators associated with at least
two points of attachment of the mobile station; |

a memory configured to store sets of predetermined attachment indicators
associated with the at least two points of attachment; and

an estimation unit configured to provide an estimate of the mobile station
location based on a comparison of the received attachment indicators and at least

one set of the at least two predetermined attachment indicators.

2. The mobile station location processor of claim 1, wherein the estimation
unit is configured to provide the estimate of the mobile station location based on a
comparison of the received attachment indicator values and the sets of attachment

indicator values associated with the at least two points of attachment.

3. The mobile station location processor of claim 2, wherein the received

attachment indicator values are reported by the mobile station.

4. The mobile station location processor of claim 3, wherein the attachment

indicator values are received signal strength values.

5. The mobile station location processor of claim 1, wherein the attachment

indicator values are received signal strength values reported by the mobile station.

6. A mobile location module, comprising:

a processor configured to compare at least two reported received signal
strength values with received signal strength values associated with at least two
geographical locations in a wireless network; and

an output configured to deliver a mobile location estimate based on the

comparison.
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7. The mobile location module of claim 6, wherein the processor is
configured to determine a score associated with the comparison of the reported

received signal strength values with the predetermined received signal strengths.

8. The mobile location module of claim 6, wherein the reported and received

signal strength values related to mobile-assisted handoff.

9. A location unit for estimating a location of a mobile station, comprising:

an input configured to receive attachment indicator values associated with
the mobile station; and

a processor configured to provide a mobile station location estimate based on
predetermined attachment indicator contours associated with network attachment

points.

10. The location unit of claim 9, wherein the attachment indicator values are
received signal strength valnes reported by the mobile station and the attachment

indicator contours are received signal strength contours.

11. A method of locating a mobile station, comprising:
obtaining a set of received signal strengths associated with the mobile

station;

determining a mobile station location based on a comparison of the received

signal strengths with predetermined signal strengths.

12. The method of claim 11, further comprising:
determining an error score based on the received signal strengths and the

predetermined signal strengths;
wherein the mobile station location is determined by selecting a location

associated with selected error score.

13. The method of claim 11, further comprising storing the predetermined
signal strengths.
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14. A method of locating a mobile station within a geographic service area,
comprising:
obtaining attachment indicator values associated with a series of attachment
5  points for the mobile station and; and
comparing the mobile station attachment indicator values with predetermined
attachment indicator values associated with the series of attachment points to obtain

a mobile station location estimate.

10 15. The method of claim 14, further comprising reporting the estimated

mobile station location estimate.

16. The method of claim 14, wherein the attachment indicator values for the
mobile station are reported by the mobile station.

15
17. The method of claim 16, wherein the attachment indicator values are

received signal strength values associated with corresponding radio base stations.

18. The method of claim 14, wherein the attachment indicator values are

20  received signal strength values associated with corresponding radio base stations.

19. The method of claim 14, wherein the mobile station attachment indicator
values and the predetermined attachment indicator values are compared by
determining a score associated with the predetermined attachment indicator values,

25  and the estimated mobile station location is selected based on the associated score.

20. A method of locating a mobile station, comprising:
obtaining at least one of a latitude and a longitude location estimate based on
a global positioning system; and
30 providing an estimate of mobile station location based on a comparison of
mobile station attachment indicator values with predetermined attachment indicator

values in a region associated with the latitude and longitude estimates.
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21. A method of estimating a mobile station location, comprising:
receiving signal strength values associated with signals received by a mobile

station from a plurality of antennas;

calculating a first location area of the mobile station as a geographic
coverage area of a serving cell site; and

calculating a second location area of the mobile station based on a
comparison of the received signal strength values with predetermined signal strength

values associated with at least one location in the coverage area.

22. The method of claim 21, further comprising calculating the characteristic

attachment indicator values based on at least one propagation characteristic.

23. The method of claim 22, wherein the at least one propagation
characteristic is selected from a group consisting of transmitted power, propagation

path slope, and antenna pattern roll-off.

24. A network configured to provide location estimates for a mobile station,
comprising:

a processor configured to produce the location estimates based on
characteristic attachment indicator values of the network and reported attachment
indicator values associated with the mobile station; and

an output configured to deliver the location estimates.

25. The network of claim 24, further comprising a database that includes the

characteristic attachment indicator values.

26. The network of claim 24, wherein the processor is configured to
determine characteristic attachment indicator values based on at least one

propagation characteristic.
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27. A method of requesting services from a public-safety answering point
(PSAP) with a mobile station, comprising:

delivering a message from the mobile station to the PSAP; and

providing the PSAP an estimate of mobile station location based on a
comparison of mobile station attachment indicator values and characteristic

attachment indicator v_alues.

28. A method of providing a location estimate for a non-subscribing mobile
station in a network, comprising:

receiving a series of attachment indicator values from the mobile station; and

estimating a mobile station location based on characteristic attachment

indicator values associated with the network.

29. A method of determining characteristic attachment indicator values for
at least a portion of a wireless network, comprising:
measuring the characteristic attachment indicator values; and

storing the characteristic attachment indicator values in a database.

30. The method of claim 29, further comprising associating at least one’
global positioning system coordinate with the measured characteristic attachment

indicator values.

31. A method or revising a database of network characteristic attachment
indicator values, comprising:

estimating a location of a mobile station based on a comparison of
attachment indicator values reported by the mobile station with the characteristic
attachment indicator values;

obtaining an associated global positioning system (GPS) location estimate
from the mobile station; and

revising at least one characteristic attachment indicator value based on a

comparison of the mobile station location estimate and the GPS location estimate.
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Description
TECHNICAL FIELD

[0001] This invention is related to IEEE 802.11 devices, and more specifically, to locating wireless devices using
wireless signal strengths.

BACKGROUND OF THE INVENTION

[0002] Knowledge of locations of users and devices inside a building is an important prerequisite for location-based
services and aspects of ubiquitous computing. One promising approach to determining location is through triangulation
by measuring IEEE 802,11 wireless signal strengths of wireless devices. One of the most attractive features of an IEEE
802.11 location-based system is that it does not require any extra infrastructure beyond a wireless network that already
exists in many buildings. This is in contrast to other person-tracking systems that employ active/passive badges and
cameras, which in turn require installation and maintenance of extra equipment.

[0003] Using an 802.11 wireless client as a location sensor (e.g., a portable computer as a receiver) is becoming
increasingly popular way of enabling location-based services. Triangulation of signal strengths from multiple access
points (APs) may be used to pinpoint location of the receiving device down to a few meters. However, this level of
accuracy comes at a price of requiring tedious and time-consuming manual labor in order to obtain spatially high-
density calibration data of signal strengths as a function of location.

[0004] Knowing radio signal strength measurements on a network client from a few different APs, researchers have
shown how to compute location down to a few meters. This type of location measurement is especially atiractive
because it uses existing devices of a building and its users, and because it functions indoors where global positioning
system (GPS) and cell phone location signals often break down, However, the accuracy of such systems usually de-
pends on a meticulous calibration procedure that consists of physically moving a wireless client receiver to many
disparate known locations, and different orientations, inside the building. It is often be impracticable to expect anyone
to spend resources on such work - when presented with such prospect as part of a new product, software product
planners often balk, complaining that system administrators are reluctant to even keep locations of printers updated,
much less create and maintain a high-resolution table of IEEE 802.11 signal strengths.

[0005] One alternative to manual calibration is to analytically predict signal strengths based on a floor plan of a
building, physical simulation of radio frequency (RF) propagation, and knowledge of the locations of wireless access
points. It was discovered, for the chosen simulation method, that physically simulating signal strengths increased me-
dian location error by approximately 46% (from 2.94 meters to 4.3 meters) over values obtained by manual calibration.
Moreover, a good physical simulation usually requires a more detailed model of the building than is normally available.
[0006] Inthe realm of IEEE 802.11 locations, one published work was based on the RADAR system, an in-building
RF-based location and tracking system. RADAR worked based on a table of indoor locations and corresponding signal
strengths, Using a manually calibrated table, the nearest neighbor algorithm gave a median spatial error of approxi-
mately 2.94 meters. Another table based on simulated radio wave propagation allowed the avoidance of most of the
calibration work at the cost of increasing the median error to 4.3 meters. The RADAR work also looked at the problem
of reducing calibration effort. It was found that reducing the number of calibration points from seventy to forty had only
a small negative impact on accuracy. In follow-on work, RADAR was enhanced to use a Viterbi-like algorithm on short
paths through the building. This further reduced the median error to approximately 2.37 meters,

[0007] Aspart of Carnegie Mellon's Andrew system, a limited study of an IEEE 802.11 location system was performed

,using eight discrete locations in a hallway. A table of signal strength versus location was built. [t was determined that

upon returning to the eight locations, the system inferred the right location 87.5% of the time.

[0008] Another location service used signal-to-noise ratios, instead of the more commonly used raw signal strengths.
The location -algorithm was a Bayesian network, manually trained at discrete locations in two buildings. The Bayes
formulation allowed the inclusion of a prioriprobabilities of a person's location, as well as transition probabilities between
locations. In one test on twelve locations in a hallway, the service was capable of identifying the highest probability to
the correct location 97% of the time, not counting the 15% of the time it was inconclusive.

[0009] In still another study, IEEE 802.11 was used to compute the location of wireless PocketPCs, both indoors and
outdoors. Instead of manual calibration, a formula was used that approximated the distance to a wireless access point
as a function of signal strength. Using a hill-climbing algorithm, the system computes location down to about ten meters
(approximately thirty-five feet) using signal strengths from multiple access points.

[0010] In yet ancther study of an IEEE 802.11 location system, Bayesian reasoning and a hidden Markov model
were used. Not only were signal strengths taken into account, but also the probability of seeing an access point from
a given location. Like other work, it was based upon a manual calibration. The system explicitly modeled orientation
and achieved a median spatial error of approximately one meter using calibration samples taken approximately every

2
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1.5 meters in hallways. Although in terms of accuracy, this may be perhaps the best result, the study also acknowledges
the problem of calibration effort, and suggests that calibrated locations could be automatically inferred by outfitting the
calibrator with an accelerometer and magnetic compass.

[0011] Some of the conventional systems described hereinabove are explicitly working toward more accuracy, but
at the expense of increased calibration effort.

SUMMARY OF THE INVENTION

[0012] The following presents a simplified summary of the invention in order to provide a basic understanding of
some aspects of the invention. This summary is not an extensive overview of the invention. It Is not intended to identify
key/critical elements of the invention or to delineate the scope of the invention. its sole purpose is to present some
concepts of the invention in a simplified form as a prelude to the more detailed description that is presented later.
[0013] The presentinvention disclosed and claimed herein, in one aspect thereof, comprises an IEEE 802.11 location-
based technique for coarsely calibrating a system used to determine a precise triangulated location in view of radio
signal strengths at a given location. The calibration technique is based upon a regression function that produces ad-
equately accurate location information as a function of signal strength regardless of gaps in the calibration data or
minimally available data.

[0014] Since rooms are a natural spatial fiduclals in buildings, and assuming that manual calibration is the principal
method for some time, the architecture of the present invention discloses a new [EEE 802.11 location system based
upon arelatively easy calibration procedure of recording signal strengths down to room resolution (e.g., from an arbitrary
point or set of points in each room of the building or from a more precise location within each room). The disclosed
location algorithm is designed to work in spite of missing calibration data, that is, data that is unobtainable because a
room, set of rooms, or even a building wing, may be inaccessible. The regression algorithm takes a set of signal
strengths from known locations in a building and generates a function that maps signal strength to (x,y) location. This
function may then be used to estimate new location(s). Radial basis functions, which are simple to express and com-
pute, are used for regression.

[0015] The fact that the algorithm regresses on signal strength to provide location makes it possible to skip rooms
during calibration, yet still evaluate locations in those rooms. This is more difficult with most conventional }EEE 802.11
location algorithms that instead must classify signal strengths into only previously seen locations. Although accuracy
goes down with reduced calibration data, it goes down surprisingly little. The results quantify the tradeoff between
accuracy and effort, and suggest a prescription for manually calibrating systems of this type.

[0016] One embodiment provides a more precise location measurement methodology, where calibration is accom-
plished by placing the receiver at one point at the location to be measured, and measuring signal properties based
upon that single receiver location. The user selects the approximate location of the receiver on a map that shows the
position of the receiver relative to the location to be measured. Additionally, an averaging function is provided that
averages the last ten computed (x,y} locations to further reduce noise.

[0017] In a second embodiment that is less precise, the user moves the receiver around at the location, e.g., in the
room, while taking measurements at several calibration points. Thus the exact location of the receiver is not known.
For purposes of calibration, the location of the receiver is taken as the (x,y) centroid of the room, no matter where in
the room the receiver was located when the measurements were made.

[0018] To the accomplishment of the foregoing and related ends, certain illusirative aspects of the invention are
described herein in connection with the following description and the annexed drawings. These aspects are indicative,
however, of but a few of the various ways in which the principles of the invention may be employed and the present
invention is intended to include all such aspects and their equivalents. Other advantages and novel features of the
invention may become apparent from the following detailed description of the Invention when considered in conjunction
with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019]

FIG. 1 illustrates the geometry of the calibration procedure for a system that determines new location(s) based on
signal characteristics.

FIG. 2 illustrates a flow chart of the general calibration process of the present invention.

FIG. 8 illustrates a flow chart of a process for determining new location information.

FIG. 4 illustrates a more detailed flow chart of the process for determining the mapping from signal strengths to
(x,y) location in accordance with the present invention.

FIG. 5 illustrates a layout of a typical office floor of rooms utilized for a sample application of the calibration process
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of the present invention.

FIG. 8 illustrates an exemplary screenshot of a graphical user interface for facilitating signal strength logging of
the calibration data.

FIG. 7 illustrates a block diagram of & computer operable to execute the disclosed architecture.

FIG. 8 illustrates a schematic block diagram of an exemplary computing environment in accordance with the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0020] The present invention is now described with reference to the drawings, wherein like reference numerals are
used to refer to like elements throughout. In the following description, for purposes of explanation, numerous specific
details are set forth in order to provide a thorough understanding of the present invention. It may be evident, however,
that the present invention may be practiced without these specific details. In other instances, well-known structures
and devices are shown in block diagram form in order to facilitate describing the present invention.

[0021] As used in this application, the terms "component" and "system" are intended to refer to a computer-related
entity, either hardware, a combination of hardware and software, software, or software in execution. For example, a
component may be, but is not limited to being, a process running on a processor, a processor, an object, an executable,
a thread of execution, a program, and/or a computer. By way of illustration, both an application running on a server
and the server can be a component. One or more components may reside within a process and/or thread of execution
and a component may be localized on one computer and/or distributed between two or more computers,

[0022] As used herein, the term "inference” refers generally to the process of reasoning about or inferring states of
the system, environment, and/or user from a set of observations as captured via events and/or data. Inference can be
employed to identify a specific context or action, or can generate a probability distribution over states, for example.
The inference can be probabilistic-that is, the computation of a probability distribution over states of interest based on
aconsideration of data and events. Inference can also refer to techniques employed for composing higher-level events
from a set of events and/or data. Such inference results in the construction of new events or actions from a set of
observed events and/or stored event data, whether or not the events are correlated in close temporal proximity, and
whether the events and data come from one or several event and data sources.

[0023] The disclosed calibration architecture supports the premise that calibration efforts can be significantly reduced
with only a minor reduction in spatial accuracy. This effectively diminishes one of the most daunting practical barriers
to wider adoption of an [EEE 802.11 location-based measurement technique.

[0024] Referring now to FIG. 1, there is illustrated geometry of the calibration procedure for a system of the present
invention that determines new location(s) based on signal characteristics. These new location(s) are expected to be
within a region 100. Region 100 may be a building, a floor of a building, or any other region that has coverage by one
or more transmitters 110. The transmitters 110 may be located internal and external to the region 100. In order for the
location system to be able to determine at least an (x,y) location, there must be at least three transmitters 1 10 whose
signal characteristics can be measured in the region 100. These transmitters 110 may be, but are not required to be,
for example, access point (AP) transceivers disposed on a network. However, for purposes of this description, the
phrase "transmitting device" and the term "transmitter(s)" should be understood to include any device that may or may
not be disposed on a network and that transmits a signal.

[0025] Region 100 is divided into sections 120, which sections 120 may include, for example, rooms, hallways, or
lounges in a building, and thus may be of variable size. Alternatively, the sections 120 may be particular locations within
rooms. The transmitters 110 are not necessarily located in the sections 120. Furthermore, there can be additional areas
of region 100 that are not divided into sections 120.

[0026] The sections 120 may contain one or more calibration points 130. During calibration, a receiver 140 is placed
sequentially at every calibration point 130. For each calibration point 130, one or more signal characteristics of every
receivable transmitter 110 are recorded. In one embodiment, the transmitters 110 are transceivers that are compliant
with an IEEE 802.11 standard and the signal characteristics are the signal strengths of the transmitters 110, measured
at the calibration point 130. Also, for each calibration point 130, the identity of the corresponding section 120 is recorded.
The identity of the corresponding section 120 can be indicated, for example, by a user selecting a section from a map.
The spatial location of all sections 120 are also required for calibration. These spatial locations can be the centroid of
the spatial extent of each section 120.

[0027] In another embodiment, there is only one calibration point 130 for each section 120. The calibration point 130
is located at a known location inside each section 120. The signal characteristics are then measured multiple times,
while the receiver 140 is rotated in place at the single calibration point 130. The spatial location of section 120 is taken
to be the spatial location of the calibration point 130.

[0028] In yet another embodiment, there are multiple calibration points 130 for each section 120. These calibration
points 130 are chosen to be scattered throughout the section 120. The signal characteristics may be measured one
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ormore times for each calibration point 130. The spatial location of section 120 is taken to be the centroid of the section
120.

[0029] With any of the embodiments, the signal charactetistics are measured by receiver 140 at all calibration points
130 and the spatial locations from all sections 120 are gathered, at act 150. Regression is then performed upon this
data, at act 160. Regression operates on the gathered data to produce a regression function, as indicated at an act
170, which can be used subsequently to estimate new [ocation(s) throughout the region 100 based on newly measured
signal characteristics. These new location(s) are not constrained to lie on the calibration points 130. Indeed, they are
not even constrainedto lie within sections 120; they can occur at locations that are inaccessible at the time of calibration.
[0030] Referring now to FIG. 2, there is illustrated a flow diagram of a general calibration process in accordance with
the present invention. While, for purposes of simplicity of explanation, the methodology of FIG. 2, and any subseguent
methodologies in, e.g., the form of flow charts, are shown and described herein as a series of acts, it is to be understood
and appreciated that the present invention is not limited by the order of acts, as some acts may, in accordance with
the present invention, occur in different orders and/or concurrently with other acts from that shown and described
herein. For example, those skilled in the art wiil understand and appreciate that a methodology could alternatively be
represented as a series of interrelated states or events, such as in a state diagram. Moreover, not all illustrated acts
may be required to implement a methodology in accordance with the present invention,

[0031] At 200, the receiver is brought to a calibration point 130. At 202, the spatial location of the receiver is then
recorded. Note that recording of the spatial location information need not be performed at each calibration point, but
may be recorded only once during calibration of a section 120. The receiverthen measures and records signal strengths
of one or more transmitters of the location, as indicated at 204. At 206, if the signal strengths at more calibration points
130 must be measured, flow returns to 200 to bring the receiver to that next calibration point 130, and continue the
measurement and recording process for that calibration point 130. If no other calibration peint 130 must be measured,
flow proceeds from 208 to 208, to create a regression function. This regression function is trained via regression. The
training set comprises the signal strengths measured at calibration points 130 and the spatial locations of sections
120. The regression function is then determined that provides position in (x,y) coordinates as a function of signal
strengths over the entire region 100. Alternatively, the regression function may provide (x,y,z) coordinates, if the region
100 extends over multiple floors of a building.

[0032] Referring now to FIG. 3 there is illustrated a flow diagram of a process for determining new location(s). At
300, a receiver is brought to a general area of the new location. This location may be one that was previously visited
or a location that Is being visited for the first time. Signal strengths are then measured and recorded, as indicated at
302. The signals may be received from any transmitters assoclated with region 100. At 304, the regression function is
employed to estimate new location(s) within region 100, based on the signal strengths measured by the receiver at
302. The process then reaches a Stop block.

THE ALGORITHM

[0033] Referring now to FIG. 4, there is illustrated a more detailed flow diagram of the process for determining map-
ping from signal strengths to (x,y) location in accordance with the present invention. At 400, signal strength vectors
from every section 120 are clustered into K clusters. At 402, all signal strength vectors are separated into a training
set and a test set of vectors. At 404, an untried value of sigma (o) is chosen. At 408, a kernel matrix is created from
the training set. At 408, the linear system is solved for coefficients of alpha (o) and beta (B). At 410, the values of sigma
(o), alpha (o), and beta (B) are saved. At 412, sigma (o), alpha (o), and beta () are evaluated on the test set utilizing
Equations (2) and (3). At 414, it is determined if the last sigma (o) has been reached. If NO, flow proceeds back to the
input of 404 to choose another untried sigma (o). If YES, flow is to 416 to save the best sigma (o), alpha (), and beta ().
[0034] Following is a detailed description of the algorithm and associated equations.

[0035] In order to facilitate understanding of the mathematics discussed infra, each set of calibration signal strength
readings is designated with a vector s, where /indexes over substantially all calibration vectors in substantially all the
room locations. Each calibration vector has a corresponding (x;¥) giving the location from which it was taken. This
may be the centroid of the spatial extent of section 120 or wherever the receiver is placed. Each signal strength vector
s, has a plurality of elements, one element for each transmitter receivable in region 100. The elements in s; corre-
sponding to transmitters that were not sensed at the calibration point 130 were given a value of one less than the
minimum signal strength seen for the whole experiment. The signal strengths are retumed from a WRAPI (Wireless
Research Application Programming Interface) library as integers in units of dBm, where dBm = 10 log,, (milliwatts).
[0036] Many conventional IEEE 802.11-based location studies have formulated the task of location measurement
as a classification problem, where the goal is to classify the signal strength vector into a discrete set of locations. This
includes the probabilistic formulations where the classification resultis given as a set of probabilities over all the possible
locations. However, the classification formulation is unsuitable for a goal of completely skipping certain rooms during
the calibration phase. If a trained classifier has never seen a certain room, it will not ever classify data as coming from
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that room.

[0037] Instead, the presentinvention uses regression to form the regression function that maps signal strength vector
(s) into locations. Thus, the present invention can map a signal strength vector into a new location that has never been
calibrated. If classification (rather than regression) is still desired, a post-processing check can be made to determine
which room, if any, contains the estimated location.

[0038] Following is a description of how the signal strengths measured in acéordance with the embodiments of FIG.
1 are used to generate the regression function that gives location as a function of the signal strength vector, after which
the number of calibration vectors is reduced in a principled way to see how reducing the amount of calibration data
affects the accuracy of location measurement.

[0039] Regression fits a function to the calibration vectors s; and the corresponding room coordinates (x;y;). The
present invention utilizes kernel regression, which estimates new location(s) via the formula

M-t
®=ct Y aKk{s-s;|) and

j=0

wo=e+ Y 8,kls-5]);

)

where K{r) is & chosen kernel function, S* are the chosen kernel function centers, and oy and B; are the computed
weights based on calibration data. The Euclidean distance rbetween an observed signal strength vector s and a stored
signal strength vector s’ is shown by ||s- s7j|. The offset (c,,c,) can be computed in a number of ways, as is known in

the art of machine learning. In cne embodiment, the offset is simply the centroid of the training data, i.e.,

_ 1 N-| N-1
(C.\”c)') - }V(Zoxi’ z .vi) ? (2)

i=l

where N is the number of calibration vectors (in the application provided herein, the number is 28,114).
[0040] In the embodiment of FIG. 1, the kernel function is chosen to be an isotropic. Gaussian kermnel function:

rz .
K= exp[— v ] 3)

where g is the radius, and ris the Euclidean distance |s-s”].

[0041] This choice of kernel function also requires a choice of scale parameter sigma (o), which is described below.
Additionally, the choice of the M kemel centers s'j is also described below.

[0042] The present invention uses a least-squares fit to compute the weights o, and f;based on the calibration data.
To compute the o (for the x coordinate), the squared error is minimized between the calibration data and x(s;), which is,

2

N~1 M-l
err = 2; x,.—cx—z;ajK,.j , . (4)
= =

where
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K, =K(s,-s}|).

Minimizing with respect to a, gives a linear equation that can be solved for the vector a = (ag, 0.4,...,01.2 )’
K'Ka= K'X 5)

Her$ Kis an Nx M matrix of K, and x =(Xo - Cy,X;~ Cy, - = ~Xn.2 - CxuXp.1 - €)T. Analogously, B;is obtained from K7KB
= Kly.

[0043] Note that KK has size M x M, where Mis a chosen number of stored signal strength vectors, KTKis a kernel
matrix. One possible choice is to let each calibration point s, serve as a stored signal strength vectors, giving M= N.
Solving Equation (5) with M larger than 27,000 (as is used in the embodiment of FIG. 1) would be extremely compu-
tationally intensive. In addition, the regression function produced when M= N may not smoothly generalize between
calibration points 130. Instead, the signal strength calibration vectors were clustered in each location, and the cluster
centers were used as kernel centers. Using a standard k-means algorithm, computing k= 5 signal strength clusters in
each room, results in less than 700 kernel centers to represent all 118 rooms on the test floor.

[0044] I the uncertainty of the location of calibration points 130 is known, each term in Equation (4) may be weighted
by the inverse of the variance of the uncertainty for its corresponding calibration point. In the art, this is known as
heteroscedastic regression.

[0045] The only remaining choice was for the scale parameter o. A simple linear search was performed over possible
values of o. For each candidate o, the weights a and P were computed first using 70% of the calibration data. The
candidates were evaluated using the remaining disjoint 30%. The system picked the o that gave the least rms distance
error in (x,y). In spite of the 70/30 split for computing o, 100% of the calibration data was used to cluster for the kernel
centers.

[0046] As previously indicated, an optional step is to average together the results of the last several locations to
reduce noise. The last ten (x,y) results were averaged together.

[0047] As mentioned previously, a second set of test vectors were taken a few days separated from the training data.
Using the embodiment where one calibration point 130 is taken per section 120, the second set numbered 25,457
readings to serve as test data. When testing this data, the kernel regression method yielded an rms error of approxi-
mately 3.75 meters. Computation of the rms error is known in the art, and thus not shown here.

APPLICATION EXAMPLES

[0048] As indicated above, the location algorithm of the present invention works based on regression of signal
strength training data taken from known room locations.

[0049] Referring now to FIG. 5, there is illustrated a layout of a typical office floor 500 of rooms 502 utilized for a
sample application of the calibration process of the present invention. The floor 500 includes 132 rooms 502 of which
118 were accessible. The area of the floor 500 is approximately 2,680 square meters. The floor was taken to be region
100. The buitding maps of the floors were extracted both as polygon representations and bitmaps. The coordinates of
all maps were expressed in actual floor coordinates in meters. The algorithm was evaluated on the one floor 500 with
the 118 different rooms. )

[0050]  To study the problem of calibration effort, the amount of calibration data was reduced as if less time was spent
in each room and as if certain rooms had been skipped. The 118 rooms were split into 137 sections, since in larger
rooms, e.g., conference rooms, more receiver locations were used. The receiver locations were noted by making the
location selection utilizing the map via the interface of FIG. 6, described hereinbelow. The results indicated a calibration
location for every 19.5 square meters. For calibration, each accessible section was entered with a wirelessly connected
receiver, e.g., the portable PC, running the logging program. The logging program used the WRAPI interface to obtain
signal strengths from all the visible IEEE 802.11 transmitters. The receiver measured signals for approximately sixty
seconds in each location. Additionally, the receiver was oriented in a number of different ways to factor out orientation
effects. A scan rate of 3.4 Hz was used providing approximately 200 scans for each location. Each scan yielded the
set of signal strengths and the MAC (Media Access Controller) addresses of the wireless access points. On average,
the wireless communication interface could "see" 3.9 AP's at any given time. As previously indicated, the first set of
signal strength readings numbered 27,796, and the second set, taken a few days later to serve as test data, numbered
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25,457,

[0051] As a way of reducing noise and increasing accuracy, a running average filter was applied to the computed
location vectors. The filter was ten samples long, which induced a delay of approximately 2.9 seconds at the scan rate
of 3.4 Hz,

[0052] To test the effect of reduced time, the first s seconds of calibration data were processed with the same training
algorithm, and then tested with the entire test sel. Accuracy does not suffer significantly even when the time spent in
each location is only ten seconds. At ten seconds, the rms error had only increased by approximately 12% (or 0.45
meters) from the rms error at sixty seconds, At a data rate of 3.4 Hz, ten seconds of data yielded only thirty-four signal
strength vectors, This indicates that it is not necessary to spend much time at each location during calibration.
[0053] The effect of reducing the number of calibration locations from the original full set of 137 locations down to
10% of the original was tested. To choose k locations from the original calibration set, a k-means clustering algorithm
was run on the original locations to make kclusters, The k original locations nearest the k cluster centroids were chosen
as those for calibration. As determined, the rms error grows as the number of locations decreases. However, even at
50%, the rms error has only grown by 20% (0.74 meters), and at 20%, has grown by 42% ( 1.59 meters). At 10% of
the original locations, the rms error is 9.19 meters, which is an increase of 145% (5.44 meters) over the best result at
100%. Therefore, this shows that there is a significantly diminishing return for moving to a denser set of calibration
points. This experiment also suggests a way to choose calibration points in a space by starting with a dense set, for
example, at the centroid of every room, and use k-means to cluster the set into a representative sub-sample.

[0054] Furthermore, both the time spent at each location and the number of locations can be significantly reduced
with only a minor degradation in accuracy. For example, spending thirty seconds in 40% of the locations increases the
rms error by only approximately 21 % (from 3.75 meters to 4.55 meters), yet reduces the calibration effort by much
more than half.

[0055] Referring now to FIG. 6, there is illustrated an exemplary screenshot of a graphical user interface (GUI) 600
for facilitating signal strength logging of the calibration data. The GUI 800 facilitates the display of a floor graphical
representation 602 of the floor 500, and rooms thereof, The user indicates the location of the receiver by selecting a
room from the floor representation 602 via a mouse, keyboard, or other conventional input device. Additionally, there
is presented a signal strength subwindow 604 for presenting a signal strength indicator plot 605 that displays a repre-
sentation of the measured signal strengths from nearby transmitters. For example, a first bar 606 includes a first color
or fill pattern that indicates the signal was received from a transmitter on the current floor being calibrated. Associated
with the bar 606 is data 608 that indicates the signal strength data, the floor on which the room is located, and the

" room number of the transmitter (i.e., 113/3/3327). In this particular example, the transmitter was in building number

(118), room number 3327 (also denoted graphically at 610) of the third floor (3).

[0056] A second bar identification 612 may be used to indicate measurements received from transmitters on floors
other than the current floor being calibrated. The bar 612 is associated with room 113/4/4327, which is a room 4327
on the fourth floor of building 113. it is to be appreciated that the GUI can be programmed to provide a wide variety of
graphical responses to measure signals, including flashing bars, and text, audio output signals, etc., commonly avail-
able for providing such interface features.

[0057]) The interface 600 also includes a Location Input subwindow 614 that allows the user to zoom in on a floor
map via a Map Zoom subwindow, and choose a floor for calibration via a Floor Chooser subwindow.

[0058] The interface 600 further includes a Scan Control subwindow 616 for selecting the scan rate (in Hertz) for
signal detection, The user can also direct logging of the data to a location on the receiving device via a Logging path
field 618. The user may also select a remote network storage location by entering the corresponding network path in
the path filed 618. Once entered, all data is automatically stored in the designated file location.

[0059] At first glance, an rms error of approximately 3.75 meters for the location system seems much worse than
previous conventional studies obtaining a median error of approximately 2.94 meters in a first conventional experiment
or approximately one meter for a second conventional experiment. However, both of these conventional systems re-
quired much more calibration effort. The first conventional experiment covered haliway outside of about fifty-four rooms
with seventy calibration points. The second conventional experiment covered the hallway with calibration points ap-
proximately 1.5 meters (five feet) apart. In contrast, the disclosed examples used one calibration point per room on
rooms with an average center-to-center spacing of approximately 2.85 meters. The other efforts also took much more
care in making sure the locations of the calibration points were known. While the above first and second conventional
experiments show what is achievable with a careful calibration, the disclosed methodology illustrates what is achievable
with a practical one.

[0060] One barrier to deploying an IEEE 802.11-based location system is the callbration effort. In the disclosed
example, approximately four hours were spent calibrating 118 rooms on one floor of the building. It is desirable to know
if this amount of calibration is really necessary. In particular, it is desirable to evaluate the effect of reducing the time
spent in each room and reducing the number of rooms visited. By training on subsets of the original training data, the
effects of reducing the time and number of rooms was simulated.
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[0061] In summary, calibration for IEEE 802.11-based location can be very tedious. In the disclosed application
example, one floor of an office building was calibrated down to room resolution, which approximates what could be
expected for a large-scale deployment of an IEEE 802.11 location system. Using radial basis functions to interpolate
location as a function of signal strength, an s error of approximately 3.75 meters was achieved on rooms whose
mean spacing was approximately 3.27 meters. By formulating the problem as one of interpolation, it is possible to
make the calibration process easier by skipping a significant fraction of the rooms. Additionally, it is unnecessary to
spend much time in each room, as more time beyond a short minimum does not improve accuracy very much.
[0062] In an alternative implementation, instead of measuring the strength of multiple transmitters from a single
receiver at various calibration locations, the disclosed Invention is equally applicable to determining the location of a
transmitter by fixing a number of receivers at known locations and measuring the strength of a single transmitter at
various calibration locations. The latter would be applicable to the case where the transmitter is a source of audio (e.
g., @ human), while the receiver is a set of audio microphones.

[0063] In a further alternative embodiment, calibration and regression need not operate on signal strength. Various
signal properties can be used, such as phase, autocorrelation, or spectrum. Regression can apply equally well to these
alternative signal properties, even if each property itself is not a scalar. The input to a kernel regression system would
then consist of a vector that comprises multiple vectors of signal properties, appended together.

[0064] Referring now to FIG. 7, there is illustrated a block diagram of a computer operable to execute the disclosed
architecture. In order to provide additional context for various aspects of the present invention, FIG. 7 and the following
discussion are intended to provide a brief, general description of a suitable computing environment 700 in which the
various aspects of the present invention may be implemented. While the invention has been described above in the
general context of computer-executable instructions that may run on one or more computers, those skilled in the art
will recognize that the invention also may be implemented in combination with other program modules and/or as a
combination of hardware and software. Generally, program modules include routines, programs, components, data
structures, etc., that perform particular tasks or implement particular abstract data types. Moreover, those skilled in the
art will appreciate that the inventive methods may be practiced with other computer system configurations, including
single-processor or multiprocessor computer systems, minicomputers, mainframe computers, as well as personal com-
puters, hand-held computing devices, microprocessor-based or programmable consumer electronics, and the like,
each of which may be operatively coupled to one or more associated devices. The illustrated aspects of the invention
may also be practiced in distributed computing environments where certain tasks are performed by remote processing
devices that are linked through a communications network. In a distributed computing environment, program modules
may be located in both local and remote memory storage devices.

[0065] With reference again to FIG. 7, there is illustrated an exemplary environment 700 for implementing various
aspects of the invention includes a computer 702, the computer 702 including a processing unit 704, a system memory
706 and a system bus 708. The system bus 708 couples system components including, but not limited to the system
memory 706 to the processing unit 704, The processing unit 704 may be any of various commercially available proc-
essors. Dual microprocessors and other multi-processor architectures also can be employed as the processing unit 704.
[0066] The system bus 708 can be any of several types of bus structure including a memory bus or memory controller,
a peripheral bus and a local bus using any of a variety of commercially available bus architectures. The system memory
706 includes read only memory (ROM) 710 and random access memory (RAM) 712, A basic input/output system
(BIOS), containing the basic routines that help to transfer information between elements within the computer 702, such
as during start-up, is stored in the ROM 710,

[0067] The computer 702 further includes a hard disk drive 714, a magnetic disk drive 716, (e.g., to read from or
write to a removable disk 718) and an optical disk drive 720, (e.g., reading a CD-ROM disk 722 or to read from or write
to other optical media). The hard disk drive 714, magnetic disk drive 716 and optical disk drive 720 can be connected
to the system bus 708 by a hard disk drive interface 724, a magnetic disk drive interface 726 and an optical drive
interface 728, respectively. The drives and their associated computer-readable media provide nonvolatile storage of
data, data structures, computer-executable instructions, and so forth. For the computer 702, the drives and media
accommodate the storage of broadcast programming in a suitable digital format, Although the description of computer-
readable media above refers to a hard disk, a removable magnetic disk and a CD, it should be appreciated by those
skilled in the art that other types of media which are readable by a computer, such as zip drives, magnetic cassettes,
flash memory cards, digital video disks, cartridges, and the like, may also be used in the exemplary operating environ-
ment, and further that any such media may contain computer-executable instructions for performing the methods of
the present invention.

[0068] A number of program modules can be stored in the drives and RAM 712, including an operating system 730,
one or more application programs 732, other program modules 734 and program data 736. It is appreciated that the
present Invention can be implemented with various commercially available operating systems or combinations of op-
erating systems.

[0069] A user can enter commands and information into the computer 702 through a keyboard 738 and a pointing
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device, such as a mouse 740. Other input devices (not shown) may include a microphone, an IR remote control, a
joystick, a game pad, a satellite dish, a scanner, or the like, These and other input devices are often connected to the
processing unit 704 through a serial port interface 742 that is coupled to the system bus 708, but may be connected
by other interfaces, such as a parallel port, a game port, a universal serial bus ("USB"), an IR interface, etc. A monitor
744 or other type of display device is also connected to the system bus 708 via an interface, such as a video adapter
748. In addition to the monitor 744, a computer typically includes other peripheral output devices (not shown), such as
speakers, printers etc.

[0070] The computer 702 may operate in a networked environment using logical connections to one or more remote
computers, such as a remote computer(s) 748. The remote computer(s) 748 may be a workstation, a server computer,
a router, a personal computet, portable computer, microprocessor-based entertainment appliance, a peer device or
other common network node, and typically includes many or all of the elements described relative to the computer
702, although, for purposes of brevity, only a memotry storage device 750 is illustrated. The logical connections depicted
include a local area network (LAN) 752 and a wide area network (WAN) 754. Such networking environments are
commonplace in offices, enterprise-wide computer networks, intranets and the Internet.

[6071] When used in a LAN networking environment, the computer 702 is connected to the local area network 752
through a network interface or adapter 766. The adaptor 7566 may facilitate wired or wireless communication to the
LAN 752, which may also include a wireless access point disposed thereon for communicating with the wireless adaptor
756. When used in a WAN networking environment, the computer 702 typically includes a modem 758, or is connected
to a communications server on the LAN, or has other means for establishing communications over the WAN 754, such
as the Internet. The modem 758, which may be internal or external, is connected to the system bus 708 via the serial
port interface 742. In a networked environment, program modules depicted relative to the computer 702, or portions
thereof, may be stored in the remote memory storage device 750. It will be appreciated that the network connections
shown are exemplary and other means of establishing a communications link between the computers may be used.
[0072] Referringnowto FIG. 8, there is illustrated a schematic block diagram of an exemplary computing environment
800 in accordance with the present invention. The system 800 includes one or more client(s) 802. The client(s) 802
can be hardware and/or software (e.g., threads, processes, computing devices). The client(s) 802 can house cookie
(s) and/or associated contextual information by employing the present invention, for example. The system 800 also
includes one or more server(s) 804. The server(s) 804 can also be hardware and/or software (e.g., threads, processes,
computing devices). The servers 804 can house threads to perform transformations by employing the present invention,
for example. One possible communication between a client 802 and a server 804 may be in the form of a data packet
adapted to be transmitted between two or more computer processes. The data packet may include a cookie and/or
associated contextual information, for example. The system B00 includes a communication framework 806 that can
be employed to facilitate communications between the client(s) 802 and the server(s) 804. Communications may be
facilitated via a wired (including optical fiber) and/or wireless technology. The client(s) 802 are operably connected to
one or more client data store(s) 808 that can be employed to store information local to the client(s) 802 (e.g., cookie
() and/or associated contextual information). Similarly, the server(s) 804 are operably connected to one or more server
data store(s) 810 that can be employed to store information local to the servers 804.

[0073] What has been described above includes examples of the present invention. It is, of course, not possible to
describe every conceivable combination of components or methodologies for purposes of describing the present in-
vention, but one of ordinary skill in the art may recognize that many further combinations and permutations of the
present invention are possible. Accordingly, the present invention is intended to embrace all such alterations, modifi-
cations and variations that fall within the spirit and scope of the appended claims. Furthermore, to the extent that the
term "includes" is used in either the detailed description or the claims, such term is intended to be inclusive in a manner
similar to the term "comprising" as "comprising" is interpreted when employed as a transitional word in a claim.

Claims

1. A method of calibrating a system used to determine new location(s) depending on observed signal properties,
comprising:

measuring signal properties related to identified locations; and
generating a regression function based at least in part upon the signal properties, the function estimating new
location(s) as a function of observed signal properties.

2. The method of claim 1, the regression function comprising a plurality of kernel functions, each kernel function
computing the difference between a vector of observed signal properties and a vector of stored signal properties.
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The method of claim 2, the kernel functions being isotropic Gaussian kernel functions.

The method of claim 2, the vectors of stored properties are computed by clustering a plurality of vectors of measured
signal properties.

The method of claim 2, the regression function further comprising weights and a scale parameter such that each
kernel function depends on the scale parameter, the scale parameter determined by further,

selecting a plurality of the scale parameter values;

for each scale parameter value, fitting the weights to a first subset of the signal properties using the scale
parameter value;

evaluating the regression function using the fitted weights on a second subset of the signal propetties, the
second subset being disjoint from the first subset;

selecting a best scale parameter where the regression function obtains the least location error on the second
subset of the signal properties; and

storing the best scale parameter and corresponding weights.

The method of claim 1, the regression function comprising weights, and the act of generating the regression function
comprises fitting the regression function to the measured signal properties by adjusting the weights.

The method of claim 6, the weights adjusted according to a least-squares fitting procedure.
The method of claim 6, the weights adjusted by computing a kernel matrix.

The method of claim 6, the weights adjusted based upon an estimate of location uncertainty associated with each
identified location.

The method of claim 8, the weights comprising a plurality of weights for computing an x location and a plurality of
weights for computing a y location.

The method of claim 1, the regression function further comprises additional parameters that are computed from a
centroid of the identified locations.

The method of claim 1, the signal properties are of wireless radio signals transmited from wireless transceivers,
and the signal properties comprise signal strengths.

The method of claim 12, the wireless transceivers operating in accordance with an IEEE 802.11 standard.

The method of claim 1, wherein a subset of the new location(s) are inaccessible at the time of calibration, the
inaccessible locations including at least one of a room, a plurality of rooms distributed throughout a floor, and a
plurality of rooms proximately located on a floor.

A method of calibrating a wireless device location measurement system, comprising:
accessing at least one wireless transmitting device;
logging signal strength data for each of wireless transmitting device; and
generating a regression function based upon the signal strength data, the regression function utilized to esti-

mate new location(s).

The method of claim 15, the signal strength data logged from a plurality of different locations within range of the
transmitting device.

A location system that observes signal properties to determine a new location(s), comprising:
means for measuring signal properties related to identified locations; and

means for generating a regression function based at least in part upon the signal properties, the function
estimating new location(s) as & function of observed signal properties.
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A location system that uses obsertved signal properties to determine new location(s), comprising:
a measuring component for measuring signal properties related to identified locations; and
a regression component for generating a regression function based at least in part upon the signal properties,

the function estimating new location(s) based upon observed signal property data.

The system of claim 18, the regression function comprising a plurality of kernel functions, each kernel function
computing the difference between a vector of observed signal properties and a vector of stored signal properties.

The system of claim 19, the kernel functions being isotropic Gaussian kernel functions.

The system of claim 19, wherein the vector of stored properties is computed by clustering a plurality of vectors of
measured signal properties.

The system of claim 18, the regression function comprising weights, and the regression component comprising a
fitting component for fitting the regression function to the measured signal properties by adjusting the weights,

The system of claim 22, the fitting component comprising a least-squares fitting component.
The system of claim 22, the fitting component comprising a component for computing a kernel matrix.

The system of claim 22, the fitting component receives as input an estimate of the location uncertainty associated
with each identified location.

The system of claim 22, the weights comprising a plurality of weights for computing an x location and a plurality
of weights for computing a y location.

The system of claim 22, the regression function further comprising additional parameters that are computed from
the centroid of the identified locations.

The system of claim 19, the signals are wireless signals transmitted from wireless transceivers, and the signal
properties comprise signal strengths.

The system of claim 28, the wireless transceivers operate in accordance with an IEEE 802.11 standard.

The system of claim 18, further comprising a subset of the new location(s) that are inaccessible at the time of
calibration, the inaccessible locations including at least one of a room, a plurality of rooms distributed throughout
a floor, and a plurality of rooms proximately location on a floor.

A computer implementing the system of claim 18.
A user interface for calibrating a system that observes signals properties to estimate new location(s), comprising:

a user input component for receiving user preference information associated with at least the location; and
a presentation component for presenting a representation of the signal propetties and for facilitating input of
user preference information.

The interface of claim 32, further comprising a floor layout of individual representations of the locations, wherein
the location representations are selectable.

The interface of claim 32, further comprising a plotting capability for plotting the signhal properties associated with
the selected location and an unselected location.

The Interface of claim 32, the user input component comprising at least one of:
means for selecting a building associated with the locations;

means for selecting a floor in the building;
means for selecting one of the locations; and
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means for selecting a scan rate for sampling the signal properties.

The interface of claim 32, further comprising means to display a color and/or a paitern corresponding to a state of
the user preference information.

A computer for calibrating a system that uses signal properties to estimate new location(s), comprising:
means for measuring the signal propetties related to identified locations; and
means for regressing, the regressing means generating a regression function based at least in pait on the

measured signal properties, the regression function used to estimate new focation(s).

The computer of claim 37, the means for regressing further comprising means for clustering the signal properties
for use by the regression algorithm,

The computer of claim 37, the means for regressing further comprising means to separate the measured signal
properties into a training set and a test set.

The computer of claim 37, the means for regressing further comptrising means for generating a kernel matrix from
the training set.

The computer of claim 37, the measured signal properties comprising signal strengths.

13
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* NOTICES *

JPO and NCIPI are not responsible for any
damages caused by the use of this translatiom.

1.This document has been translated by computer. So the translation may not reflect the original
precisely.

2.¥*%% shows the word which can not be translated.

3.In the drawings, any words are not translated.

DETAILED DESCRIPTION

~ [Detailed Description of the Invention]

[0001] ‘ :

[Industrial Application] This invention relates to the bearing measuring method equipment using
the super RIZORYUSHON (superresolution) technique which decomposes and measures
bearing of an interference wave where two or more incoming waves exist in the same frequency,
and its equipment.

[0002]

[Description of the Prior Art] Bearing of an interference wave where two or more incoming
waves exist in the same frequency was decomposed using the array component of arbitration,
and the array antennas of an array array, and since the method of MUSIC (MUltiple SIgnal
Classification) is very efficient as a ¥***** super RIZORYUSHON technique, it came to be put
in practical use in recent years. The method of MUSIC was also called the "characteristic value
part solution method" or "characteristic vector method", it was announced by 1981R.0.Schmidt,
and research of relation has been made by the researcher of after that many. the following -- R.
"Q.Schmidt, MultipleEmitter Locaticn and Signal Parameter Estimation" (it is called IEEE
TRANSACTION ON ANTENNA AND PROPAGATION, VOL.AP-34.NO, 3PP.276-280,
MARCH 1986, and the following reference 1) -- reference -- carrying out -- MUSIC -- the
bearing measuring method by law is explained.

[0003] The input signal received with the array antennas which consist of M array components
serves as line type association with the input signal (an arrival fraction is assumed to be D) of D
individual, and the internal noise of a receiver. It is as follows when this is expressed in

procession.

0004]

X Fi N

|Xz| = | Q6D a02)--al0p)| F2| T N2

X Fo Nm
X=AFtN -

[0005] It is vector X=(X1 X2 -- XM) T here. They are M input signals (complex). Moreover,
matrix A= (a(theta 1) a (theta 2) -- [ a (thetaD) is called an array manifold (array manifold), and
the column vector a(theta) =(al thetaa2 theta--aM theta) T is the response (complex) of the array
antennas to Bearing theta, and is called a mode vector or a steering vector. ]) When the linear
independence of a (theta) is guaranteed at 0 degree < theta<360 degrees, it is equivalent to the

ability of Bearing theta to be found that a (theta) can be found. Vector F=(F1 F2 -- FD) T It is the
Page 253 of 493



e

JP,06-347529,A [DETAILED DESCRIPTION] ‘ Page 2 of 7

input signal (complex) of D individual. Vector N=(N1 N2 -- NM) T It is the internal noise
(henceforth a noise) of M receivers, and assumes [ having not correlated mutually and ].
Moreover, since it is easy, all of M noise power are sigma? equally. It carries out and it is
assumed by prior measurement etc. that it is known. Namely, [0006]

INIZ = N2 = -----  [Nu® = o® (BER)

[0007] ** -- although assumed -- this assumption -- generality -- ****** __ it js not a thing. T
expresses the transpose of a matrix and a bar expresses the average here. Next, it is [0008] when
the covanance matrix (covariance matrix) of (1) type is set to S.

S = XX" = AFFPA™+ NN"

[0009] A next door, [0010] :
S=APA"+0*1 === (2)

[0011] It is expressed. However, H expressed complex-conjugate transposition and assumes
[ having not correlated and ] the input signal and the noise. Moreover, [0012]

P=FF" - (3)

[0013] It is called a ****** matrix of correlation or the power matrix (power matrix) of an input
signal, and becomes a positive-definite value (positive delinite). I is a unit matrix. Since the rank
(rank: rank) of the signal matrix of correlation P will serve as D supposing it supposes that D<M,
i.e., the number of input signals, is smaller than several M of an array component here and there
is no perfect correlation between input signals, it is APAH. A rank also serves as D. It is [0014]
when the characteristic value of M pieces of a covariance matrix S is arranged in order of

magnitude at this time.
,7\,1 ; /\2 """" ,AD , ADty, -ooe , A.Ml
55 OEVATE REODAE
e (4)
[0015] It becomes and is [0016] further.
D1 = Apt2 == Am=0? (BAEHEE)
--- (§)
[0017] It becomes. Moreover, characteristic vector E corrésponding to such characteristic value
is [0018].
E = (EsEn)
Es=(E1E2----Ep) (6)

ENn=(EptiEpt2-—-Em)

v 12

[0019] It becomes. However, ES lambda 1 - lambdaD The signal subspace of the measuring line
type space E is stretched by the corresponding signal-space characteristic vector, and it is EN.
lambdaD+1 - lambdaM The noise subspace of E is stretched by the corresponding noise space
characteristic vector. Moreover, ES EN It is in orthogonality relation (EN is the
orthocomplement of ES).

[0020]
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E=FEs +En (- ER(direct sum)
== A7)

[0021] It becomes. This is based on the following reasons. Characteristic vector E SE=lambdaF
®)

It *#*%4+* and is especially lambda=sigma 2. At the time SEN =sigma2 EN (9)

It is [0022] when a next door and (2) types are substituted for (9) types.

( APA"+ 0?1 ) En =

APA'EN =0 ‘
ENAPA'EN = (APEN)TP(AYEN) =0 - (I0)

[0023] It becomes. (10) Set at a ceremony and the ** matrix A is a full rank (that all bearmgs of

an incoming wave differ, and equ1valence)

** Matrix P (positive-definite value) is a full rank (that there is no perfect correlation between

input signals, and equivalence).

In the ** case AH EN =0 (11)

Since it is an array manifold (set of the mode vector of the incoming wave of D individual), a

next door and Matrix A are the signal subspace ES. It belongs and is ES. EN It intersects

perpendicularly. Therefore, characteristic vector [ as opposed to / decompose the characteristic

value of a covariance matrix S and / the minimum characteristic value ] EN It asks and they are

- the mode vectors a (theta) and EN. The inverse number of the square of Euclidean distance
[0024] :

--- (12)
AH(QYENENTG(G)

[0025] If consider a performance index, and take out the mode vector a of a certain bearing theta
(theta), theta is changed over 0 degree - 360 degrees out of all O<theta<360-degree array
manifolds, (12) types are calculated and a peak (peak) is searched for, bearing of the interference
wave of D individual can be decomposed and presumed. In addition, in displaying, when it takes
the logarithm of (12) types, since it is convenient, it is [0026].

0 Log o (

P OIENENTL.(6) -

[0027] ****** may be performed.

[0028] The configuration of the conventional example explained above is shown in drawing 2 .
The signal received in two or more array antennas 1 (11 -1M) and receive sections (21 -2M) by
drawing 2 is changed into the digital data of real part and imaginary part with A/D converter 3
(31-3M), and is stored in the receiving - data memory 4. The received data read from memory 4
are sent to covariance-matrix count / memory circuit 5, and a covariance matrix S is called for.
The characteristic value / characteristic vector count / memory circuit 12 which receives this
process (4), (5), (6), and (7) types, and asks for a characteristic vector. This output is sent to the
circuit 14 which asks for (12) evaluation-of-expression function, and the performance index for
bearing measurement is searched for.

[0029]

[Problem(s) to be Solved by the Invention] MUSIC by the reference 1 mentioned above -- there
are the following troubles in law. That is, when it includes the coherent signal (or multi-pass
signal) which has perfect correlation in the part between the input signals of D individual, the
rank of the signal matrix of correlation P becomes smaller than D, and it becomes impossible to
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decompose the characteristic value of the input signal of a covariance matrix S into D individual
therefore, and it is the signal-space characteristic vector ES. And ES Noise space characteristic
vector EN which has the relation of orthocomplement Asking correctly becomes impossible.
Even if (11) types stop realizing and calculate (12) types, it becomes impossible therefore, to
presume bearing of an incoming wave at this time- As an approach improved so that bearing of
an interference wave including such a coherent signal might be decomposed and bearing could
be presumed correctly, there is an approach of "tooth-space SHARU smoothing (Spatial
Smoothing)." this approach -- MUSIC of drawing 2 -- in the example of law, when array
antennas 1 are made into a regular-intervals linear array, application in the case where a coherent
signal is included is enabled. "**** Tie-Jum shan and Mazi Wax, AND Thomas Kajlath and On
Spatial Smoothing for Direction of-Arrival Estimation of Coherent Signals" () [ IEEE
TRANSACTION ] ON Acastes, SPEECH, AND SIGNAL PROCESING, VOL.ASSP-33, NO 4,
pp 806-811, AUGUST It depends for calling it 1985 and the following reference 2. However,
there is a trouble that the number of incoming waves inapplicable to the array component and
array array of (1) arbitration in which (2) presumption is possible becomes M/2 (MUSIC about
[ in the case of law | 1/2) or less in SUPESHARU smoothing.
[0030]
[Means for Solving the Problem] This invention is for decomposing and presuming bearing of a
total input signal between input signals also in the case of an interference wave including a
coherent signal with perfect correlation, it can apply to the array component and array array of
arbitration, and the number of the maximum presumption incoming waves maintains an
individual (M-1) MMUSIC law and the same number). Even if the coherent signal was
intermingled in order to take the process which decomposes the characteristic value of a
covariance matrix S by the MUSIC method, and asks for a characteristic vector, it diagonalized S
when the signal matrix of correlation P stopped having been a full rank, and it calculated
characteristic value, since it was no longer what decomposed the input signal correctly, it became
presumed impossible.
[0031] Even when it does not take but a coherent signal is intermingled with the following
“means, the process which this invention asks for characteristic value and a characteristic vector
decomposes the arrival bearing of total ****** and makes presumption possible. In this
invention, in order to solve a problem, the following wait vectors W are introduced. W=(W1 W2
-WM) T (13)
The multiplication of the ******¥*** yalue of W is carried out to an input signal X. Ifa
multiplication result is set to Y Y=WH X (14) '
It becomes. Furthermore, it is the square average of Y [0032]

IYF

[0033] It is [0034] when it carries out.
IYE = YY*="WIXX"W=WHXXFW = WHSW
(%I THEERRERDT) - {19)
[0035] Tt becomes. It is [0036] when (2) types are substituted for (15) -types here.
Y = WH(APAR+021) W
WHAPAW + G2 IINI? |
LATWORP AN + 02 IWIP - -
AKELIWIIL Wo /b (norm) ER DT,
----{{6)
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[0037] It becomes Moreover, if (16) types are transformed, the following performance mdlces
can be acquired.

[0038]

Y12 — g2 Wi = ( A"W)P(A"W) == (1)

[0039] (17) From a formula AH W=0 (18)

the wait vector W with which like fills [ ¥***** primary ] a formula -- MUSIC from contrast of
(11) types -- noise space characteristic vector EN to the minimum characteristic value in law It
turns out that it is equivalent. It is EN to calculate the characteristic value of a covariance matrix
S in this invention without carrying out. Performance index which solves the simultaneous
equation of (18) equations, searches for the equivalent wait vector W directly, and is calculated’
from a covariance matrix S and the wait vector W ((15) equations and (17) equations)

[0040]

IYTE— 072 IWi2 = WHSW — o2 Iwi® {19

[0041] It is characterized by using and presuming arrival bearing. Therefore, since this invention
does not need the full rank conditions of the signal matrix of correlation P, even when a coherent
signal is intermingled, it can decompose and presume the arrival bearing of a total input signal.
Moreover, it sets at (19) ceremony and the internal-noise power of a receiver is [0042] in a
sigmal2, sigma22 --, and sigmaM?2 and barrack case.

02w

[0043] It is [0044] to instead of.
(O IWI* + 0F IN2® + ---- + ok [Wmi? )

[0045] What is necessary is just to use.

[0046]

[Function] Although the wait vector W searched for from the simultaneous equation of (18)
equations in this invention is determined only from the element of the array manifold (theta) A a,
i.e., a mode vector, since the arrival fraction D is strange, the number of incoming waves needs
to ask for W about each case to 1- (M-1). Namely, [0047]

BIREEN [ me + WO

RREN20HE 0 W(01,02)
': 5 (20)
FIEEENM-Dotes : WO, 0z2,--04-)
(0°L 01,02, -, Om~ <360")

[0048] Moreover, the reason the number of the maximum presumption incoming waves is set to
(M-1) is the array manifold AH. It is because the maximum of D for having a solution effective
[ the matrix AH W of (18) types ] except becoming Dx1 matrix and all the elements of W being
set to 0 (zero) since a DxM matrix and the wait vector W are Mx1 matrices is set to (M-1). (20)
Since wait ** KUTORU W is the combination (combination) of arrival bearing as shown in a
formula, bearmg of a total input signal will be presumed to coincidence. For example, when D is
(M-1), it is theta 1, theta 2, --thetaM-1. Only when combination is presumed correctly, with
regards to the rank of the 51gna1 matrix of correlation P, there is nothing and a performance-index
(19) type can be made into minimum [0(zero)]. On the contrary, when arrival bearing is able to
be investigated in combination [it is called a combination search (combmatlon search) below]
and (19) evaluation-of-expression function is able to be made into min, it means that the arrival
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bearing (put together) of a total input signal was called for.

[0049]

[Example] Next, this invention is explained to **** with reference to a drawing. Drawing 1 is
the block diagram showing the configuration of the example of this invention. In drawing 1,
array antennas 1, a receive section 2, the A/D-conversion section 3 that has the function which
decomposes an input signal into real part and imaginary part, the receiving data memory 4, the S
(covariance matrix) count / memory circuit 5, and the array manifold data memory 6 are
provided, and this is as common as the conventional example. That is, the input signal to array
antennas 1 to the process of this invention and the MUSIC method which asks for a covariance
matrix S using configuration blocks 2, 3, 4, and 5 is the same. However, unlike the MUSIC
method, this invention is [0050] by the wait vector W which is the output of a covariance matrix
S, and the wait vector selector / search control circuit 9 which count of the characteristic value
decomposition / characteristic vector by the characteristic value / characteristic vector count /
memory circuit of drawing 2 is not performed, but is an output of 5 to (15) type count circuit 10.

1Y = WHSW --= (15)

[0051] It calculates. boil a circuit 9 memory 6 -- [0052] which is calculated by the wait calculus-
of-vectors circuit 7, and is stored in the wait vector memory 8 from all the stored 0 degree - 360
degrees array manifold data

WG, W(O,82),-—- W(G,02.---, Om-1)

[0053] Drawing and a combination search are performed for a ** wait vector. Next, the output of
the count circuit 10 is [0054].

i 1)
Y12~ o®IWF | / 108ug10 (WF—JZHWHZI

[0055] It is sent to count / memory circuit 11, and is [0056].
|12 = o= I
(REXMEE L3N L O FFE L FHELAEOTR D)

[0057] And it is [0058] for a display.

YR - o 1w )
[0059] It calculates and stores. It is [0060] by combination search.
1040910 (

iz~ o 2llWll2 )

[0061] theta 1 used as a ** peak, theta 2, —-thetaD It becomes the combination of the arrival

bearing for which combination asks, and the arrival bearing of the interference wave on which a
coherent signal is intermingled can be decomposed and presumed. moreover, the array
component and array array of arbitration -- applicable -- the number of the maximum
presumption incoming waves -- MUSIC -- law -- being the same (M-1) -- it becomes.

[0062]

[Effect of the Invention] Also in the case of an interference wave including the coherent signal

which has perfect correlation in a feeling of an incoming wave, according to this invention,
bearing of them can be decomposed and presumed as explained above. Moreover, in the array
component of arbitration, and an array array, it can apply, and the bearing measuring device with
which the number of incoming waves which can be presumed turns into (the array element
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number M-1) can be realized.

[Translation done.]
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Abstract Title
Locating system

(67) A locating system for a mobile station of a cellular communications network which uses a locating
system computer 140 that compares a normal network measurement report (NMR) 110 (which contains results
regarding signal strength from and identities of the serving cell and neighbouring cells) with a network profile
database 142, Based on the comparison the latitude and longitude (location) of a mobile station can be
computed. The NMR may be validated and synchronised prior to supplying it to the computer. The locating
system may comprise a network statistics database 144 used to identify seven adjacent cells and to apply
network handover statistics to calculate vicinity information of each identified cell. The system may then
further select the three nearest cells and provide the location of the mobile station as the centroid of these
three cells. In an alternate embodiment the NMR is compared with a vector quantization codebook 146 and the
location is provided based on the matching cell ID only. An aiternative embodiment relates to selecting one of
a plurality of location determining algorithms in response to the identity of the cell serving the mobile station.
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2364617

LOCATING SYSTEM

This invention relates to locating systems for mobile

communication units.

A “Second Generation” of mobile communications industry
has come to a stage where voice only services may not
satisfy subscribers’ needs and ensure further growth
for mobile network operators. For Global System for
Mobile Communications (GSM), in particular, the short
message services and Unstructured Supplementaiy Service
Data (USSD) have already provided a platform for

developing information services applications.

The Unstructured Supplementary Service Data (USSD)

procedure is used to trigger the ISE service because it

provides a more simple and easy to use user interface

platform for subscribers. USSD enables a mobile user to

invoke and control supplementary services, that are

- not supported by the mobile wuser’s mobile
equipment, i.e. the needed functionality (e.g.v
signalling) is not implemented in the mobile.

- non-GSM supplementary services for which no

functional signalling is defined.

ETSI/GSM 02.90 & ETSI/GSM 02.30 have defined the rules
for constructing a USSD procedure. The mobile station

(MS) shall support the MMI procedure specified as:

Page 264 of 493



10

15

20

25

Activation 1 *SC*SI#
Deactivation : #SC*SI#
Interrogation : *#SC*SI#
Registration : *SC*SI# and **SC*SI#

Erasure : HH#SC*SI#
The structure consists of the following parts

- Service Code, SC (2 or 3 digits)

- Supplementary Information, SI (variable length)

The procedure always starts with *, #, ** ## or *# and
ends with #. Bach parameter within the procedure is

separated by *.

A unique SC is used to define each Supplementary
Service. The S8I can be comprised of say a stock code or
a PIN code. When a particular request does not require
any SI, “*8I” is not entered. When more than one piece
of supplementary information is required, the SIs can

be entered consecutively, e.g. **SC*SIA*SIBH#SEND.

The use of SIs, SIA, SIB and S8IC, in a particular
procedure is optional. *SI# shall be entered in any of
the following formats:
- *SIA#
- *SIA*SIB#
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- *SIA*SIB*SIC#H#
- *SIA**SICH
- **SIB#

- ***GSICH# etc...

The advent of SIM Application Toolkit (STK) gives even
much flexibility to program the SIM card for moré
sophisticated applications. Geographical locations
applications of mobile handsets (or units) have utility
for fleet management, location-based services and on-
the-spot advertisements. Many such proposals are
available in the market, however their order of
accuracy and requirements 1in network architecture,
mobile handsets and SIM cards are not generally not

compatible. .

The most commonly known locating or positioning system
is the Global;Positioning System (GPS). A constellation
of 24 NAVSTAIé‘:Ms);atellites circles the Earth every 12
hours emitting ©radio signals identifying their
positions. GPS uses spread spectrum that enables use of
very low received signal levels. The claimed accuracy
can be up to 100 metres. It can be further enhanced to
5-10 metres by using the Differential GPS (DGPS).
However, the high cost and non-availability of a GPS
inside GSM mobile’ handsets make this unsuitable.

Moreover, in some dense urban areas there may be a

problem in receiving signals because of there being too
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few satellite signals available.

There are several types of GSM-based locating or
positioning techniques, mnamely, cell identity - (cell
ID), time advance (TA), time of arrival (TOA), enhanced
observed time difference (E-0TD), and angle of arrival

(AOA) .

Using cell identity (cell ID) as a reference location
is a simple aﬁd straightforward solution, - which
involves no software or hardware changes at all.
However, its accuracy is heavily dependent on - the
network topology and site-to-site distance that could
range from 100 metres to 30 kilometres. Time advance
(TA) might carry more information in a distance sense.
But, it requires some software changes in the GSM
network and it is only good for applications requiring
low accuracy, say up to. one kilometre. Differences
between the times of arrival (TOA) of signal from a

handset at three Base Transceiver Station (BTS) can be

used to calculate the location of the mobile handset.

Although accuracy may be 125 metres or below, required-
expensive network infrastructure includes Location
Measurement Units (LMU) and a highly accurate clock,
GPS or atomic clock, to synchronize the different Base

Station Controllers (BSC) involved.

The hardware requirement for Angle of Arrival (AOA) is
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similar to that of TOA. AQOA uses a beam forming
technology, which makes use of the sophisticated and
expensive antenna arrays to determine the directions of
signal arrival. However, accuracy 1is severely degraded
if there is no clear line of sight. The use of enhanced
observed time difference (E-OTD) needs additional
Location Measurement Units (ILMU) for the Base
Transceiver Station (BTS) and medifications in the
mobile handsets. Although the accuracy may be up to 125
metres or better, expensive network infrastructure is

required.,

It is an object of the invention to overcome or at

least reduce these problems.

According to one aspect of the invention there is
provided a locating system for a mobile station which
comprises a locating system computer, the system
supplying a normal network measurement report (NMR) for
the mobile station to the computer, comparing the NMR
with a network profile database, and computing resulted
latitude and longitude fbr the mobile station where a

suitable comparison is found.

Steps of validating and synchronising the NMR prior to

supplying the NMR to the computer may be included.
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The locating may be carried out using a network
statistics database for comparison in the computer, the
database is derived using an algorithm to find the cell
identity (ID) of seven most important adjacent cells,
as measured by the mobile station, applying network
handover statistics to calculate vicinity information
of each cell, selecting the three nearest cells
according to the calculation, +and providing the
resulted latitude and longitude as a centroid of the

latitudes and longitudes of the three cells.

The locating systém may include comparing the NMR with
a wvector gquantization (VQ) code book that contains
codeword locations for cells located at special regions
of the network, providing the resulted latitude or

longitude based on any matching cell ID only.

According to another aspect of the invention there is
provided a method for approximately locating a mobile
station (M8) 1in a cellular mobile communications
system, comprising the steps of identifying three cells
in the ﬁicinity of the mobile station, each said cell
having a cell location; and determining an approximate
position of the mobile station using the locations of

the three cells.
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The approximate position of the mobile station may be
determined by calculating a centroid of a triangle

formed by said three cells.

The said three cells may be selected from a plurality
of candidate cells neighbouring a serving cell for the

mobile station.

A said neighbouring cell may be determined using at
least one system parameter relating to the mobile
station selected from a group including an ID of the
serving cell, an ID of a base station in communication -
with the mobile station, and a candidate neighbouring

cell frequency channel.

A said neighbouring cell may be determined using a
database comprising cell mapping data defining physical

cell locations.

The said three cells may be selected from six candidate

neighbouring cells.

The ~method may comprise measuring, "for each
neighbouring cell, a signal strength for a signal

transmitted ©between the mobile station and the
neighbouring cell; and selecting said three cells using
the measured signal strengths and a database of cell-

to-neighbour-cell handover statistics.
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The method may include calculating, for each
neighbouring cell, a value representing a probability
of a successful handover to that cell, and wherein said

selecting is responsive to the calculated probability.

The said plurality of candidate neighbouring cells may
include a cell identified as a handover target cell in
a or the said database of cell-to-neighbour-cell

handover statistics.

The approximate position of the mobile station may be
determined using only the serving cell identity rather
than by identifying three cells in the vicinity of the

mobile station.

According to a further aspect of the invention there is
provided a method for approximately locating a mobile
station (MS) in ‘a cellular wmobile communications
system, comprising the steps of using a compressed
system parameter report to look up an approximate
mobile station location in a <vector quantization

codebook.

According to a yet further aspect of the invention
there is provided a method for approximately locating a
mobile station (MS) in a cellular mobile communications
system, comprising selecting one of a plurality of
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location - determiniﬁg algorithms responsive to the

identity of a cell serving the mobile station.

Embodiments of the invehtiqn make use of screening
filters to partition the locating system into three
entities, which enables the use of area differentiation
upon the vmeasurement reports. A knowledge-based
heuristic algorithm can be used to enhance the accuracy
of locating system compared to only wusing cell
identity. Also, a codebook using vector quantization
can be used to model radio characteristics of some
special or specific, such as sea-front regions, regions
in the GSM network, which can be applied via compressed

measurement reports.

Locating systems for mobile telephones according to the
invention will now be described by way of example with

reference to the accompanying drawings in which :-

Figure 1 shows schematically an overall architecture

for the locating system and inputs for the system;

Figure 2 is a flow diagram of the operation from
retrieval of Network Measurement Reports (NMR) to the

output of calculated location-based information;

Figure 3 shows a functional flow diagram for the

operation of calculating a location from wvalid or
Page 272 of 493



10

15

20

25

- 10 -

partially valid data within the locating system;

Figure 4 shows a neighbour cell mapping module for
decoding the NMR for neighbour cell information, which

is applicable to processes in the locating system; and

Figure 5 1is a flow chart for NMR validation and

synchronization processes,

Referring to the drawings, in Figure 1 a normal network
measurement report (NMR), or other GSM features, is
collected from a mobile telephone or station 110 using
an SIM Application Toolkit (STK) in the mobile station
110. A normal report has been defined in ETSI/GSM 04.08
(9.1.20) and refers to the measurement data collected
from both the mobile station and the BTS (Base
Transceiver Station). It will be sent from the BTS to

the BSC (Base Station Controller).

The entire information in the NMR is not used, only the
entity called ‘Measﬁrement Results’. The content of the
‘Measurement Result’ is well defined in ETSI/GSM 04.08
(10.5.2.11). The ‘Measurement Result’ is recorded by
the ‘mobile station and will be sent to the BTS for
evaluating handovers. The following information inside
the ‘measurement result’ is used

- serving cell identity

- serving cell signal strength as received by mobile
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station

- serving «cell broadcast channel / frequency
(BCCHNO) and base station identity code (BSIC)

- Six pairs of neighbouring cell broadcast channels
/ fiequencies (BCCHNO) and base station identity
code (BSIC)

- SIX - neighbouring cells’ signal strength ‘as

received by the mobile station

The locating process can be either triggered by a
subscriber or by the 1locating system in a c¢entral
controller of the network. The NMR is transmitted
through a GSM network 120 over a Short Message Service
(SMS) bearer, or other suitable bearer such as Gene;al
Packet Radio Service (GPRS) 130. This is‘applicablé to
a single 900-band GSM network, a single 1800-band GSM
network and a 900/1800 dual-band GSM network 120. A
locating system central location system computer 140

collects the NMR as its primary input.

Two databases provide statistics and network background
data to the computer 140 as secondary inputs. Network
statistics database 144 ©provides cell-to-neighbour
cells handover statistics. A network profile database
142 provides a map of the communications network with
pre-defined areas, sgite locations, including latitude
and longitude, the netwoik base station BSC parameters

of cell names, cell global identity (CGI), broadcast
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channel (BCCH) and base station “colour code” (BSIC).

The generation and storage of the mapping data can be
provided in two ways. The first way is a two-stage
searching. algorithm. It involves generating and storing

mapping data as follows:

1. define the entire city / country map into a certain

number of meaningful areas.

2. mark the areas on the digitized map using a

geographical software tool called MapInfa%wd.

3. export a table from MapInfo to extract the latitude-

longitude pairs for different areas.

4. as this provides the area name, latitude and

"longitude information in one table, apply any location

with latitude and longitude to determine the belonging

area by searching through this table.

The searching speed may be too slow for a large city.

If so:

To increase speed, generate a number of grid tables
defining corners of the grid squares at different
resolutions. An entire city is divided into 100 squares
(10x10) using a relatively low resolution. The latitude
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and longitude of all corners of those 100 squares are
stored into a table (Ty). Generate another 100 tables
(T - Tio0) sSimilar to the first table but with a
relatively higher resolution and also containing the
area name for each point. Then -locate the mobile
station in T, by given latitude and longitude. Identify
the square, go to the specified table out of T, - Tigo to

look for the area name.

The second way uses the steps 1 and 2 above. Thereafter
MapInfo’s function call is used to extract the area
name. This function call can be implemented wusing

M)
Visual Basics,\o;: Vigual C++.

A Vector Quantization (VQ) codebook 146 contains the
up-to-date compressed NMRs as codewords for location
look-ups 1in specified sea-front regions or other
special regions., This 1is tertiary input for the

computer 140.

Added components of the system include applications
server(s) 150 and application <client(s) 160. Their
specifications are open and such components are not
part of the present invention but represent building
blocks for future development. - For example, an
application server could be a vehicle tracking system
for fleet management. While for individual usage, an

application client could become a location-based
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shopping guide. However, both «client and server
applications can share the same protocol towards
locating system that consists of resulted or calculated
locations with latitude and longitude, time-stamps and
the matched areas. Some applications may require
connections from the application server to another
database server or data warehouse 170 for example,
which could make the locating system a 3-tier or even

an n-tier system.

In Figure 2, the flow diagram of the operation between

retrieval of NMR to an output of calculated location-
based information for the location system comprises the

following steps:

STEP 210: Begin fetching NMR (or other GSM features)
from the STK in the mobile station 110 wvia the GSM
network 120 and Short Message Service Center (SMSC)
130.
STEP- 220: The NMR is decoded inside the computer 140
and a validation index is calculated for justification.
STEP 222: The validation index may be checked against
an experimental value, or applying a synchronisation
step (see below). If the NMR is wvalid, it is fed into a
memory 300 as its input.
STEP 224: If NMR is not valid, a buffer is checked for
additional NMR. If such NMR is available, the process
starts again STEP 210. If not, the NMR is deemed to be
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invalid, and the most reliable NMR will be used by the
memory 300.

STEP 230: The memory 300 uses the NMR to determine a
resulted location, latitude and longitude of the mobile
station.

STEP 240: An area-mapping module computes a matched
area from a map using the resulted 1latitude and
longitude 370.

STEP 242: The mobile station evaluates the results from
the computer 300.

STEP 244: The results are displayed on a graphical user
interface (GUI). The display c¢an be varied from text-
based only, bundled with information from another
database or be a map display with flashing and zoning
features.

STEP 246: Ending the procedure of the Positioning
System triggers a closed session for both the STK 110

and SMSC 130 data channel connection.

Figure 2 includes step 220 that comprises an NMR-
synchronization step. A full NMR comprises the serving
cell information and the neighbour cell information.

The serving cell information is trusted whenever the
serving ce’ll identity (serving cell ID) is present.
However, the neighbour cell information may not be
synchronized with the serving cell information. The
current neighbour cell information may belong to the

some other previous NMR, having a different serving
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cell ID from that in the current NMR in a worst case.
Possible reasons for a synchronization problem includes
there being different designs or performances in
updating NMR for different wmobile handsets, the NMR
being only partially updated during an idle mode, or
some parts of the NMR not being updated after a recent

handover.

For dealing with this situation, the NMR wvalidation

step shown in Figure 5 is as follows :-

STEP 510: Begin the NMR validation step or process.

STEP 520: Start fetching an NMR from a buffer.v

STEP 530: Check whether the NMR contains the serving
cell ID information. |

STEP 540: If there is no serving cell ID in the NMR,.
the NMR should be discarded. The buffer size for the
number of different NMR data is three. If there is one
or more NMR left in the buffer, the NMR is fetched and
the procedure starts again from STEP 520. If none of
the NMR‘s have a serving cell ID, the perceived most
reliable NMR among the three NMRs in the buffer is
u>sed. _

STEP 550: A Neighboﬁr Cell Mapping Module (as explained
below with reference to Figure 4) is used to decode
neighbour cell messages and determine the corresponding
neighbour célls.

STEP 560: The distances from the serving cell to all
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neighbour cells are calculated, the longest distance or
the average distance is used as a synchronizing‘index,
STEP 570: If the distance (synchronizing index) exceeds
a pre-set threshold (an empirical or recorded data
value, that may be changed on the fly) the system will
try another NMR left behind in the buffer, if any.
STEP 580: End the NMR validation and synchronization

process.

The location system makes use of a neighbour cell
mapping module. Figure 4 1is a flow diagram of use of
the neighbour cell mapping module for decoding the NMR
for deducing neighbour cell identities, and comprises

the following steps:

STEP 400: Take NMR (or othef GSM features) from the SIM
Application Toolkit (STK).

STEP 410: Take data from a network profile database 142
that serve as look-ups for cell identities and site

locations.

'STEP 420: Input serving cell codes. This is a 16-bit

word and should be less than 65535, it can be extracted’
directly from the NMR and is included in normal GSM
specifications.

STEP 422: Check serving cell location by longitude and
latitude from the network profile database 142.

STEP 430: The codes extracted for neighbour cells are

the broadcast channel (BCCH) and the base station
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colour code (BSIC).

STEP 432: Each particular (BCCH, BSIC) combination is a
one-to-many mapping function to the cell identities in
the network profile database 142. There may be a number
of identical BCCH and BSIC found. This is because each
is reused throughout any GSM network; -identical
combinations will however be widely spaced apart or
geographically separated by other cells. In any event,
a list of potential neighbour cells may be found after
mapping for a six pairs of (BCCH, BSIC) combinations.
STEP 440: In order to locatev the correct neighbour
cells, distances from all potential neighbour cells 142
to the location of the current serving cell 422 are
calculated. By applying a wminimum ﬁunction to the

distances of neighbour cells for every (BCCH, BSIC)

pair, the identities for the six neighbour cells can .

easily be deduced, even where identical pairs crop up.

STEP 450: End the neighbour cell mapping module.

In order to calculate the Ilocation of a mobile
telephone a functional flow diagram for the operation
of a calculation from the valid or partially valid data
within the computer 300 is now described with reference

to Figure 3.

Two filters within an area differentiation module 330
determine the appropriate algorithm to be applied to a

current NMR. Normally, details and identification of
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special sites and partially valid NMRs 320 are based on
the serving cell ID 360 within the NMR data only. In
case of the serving cell of_the valid NMR 310 lying
within a special sea front region, for example, a
Vector Quantization 350 will be used. Otherwise, an CBU
Algorithm 340 (explained below) will be applied. The
resulted 1location 370 will be passed on to an area

mapping module 240.

The two screening filters to partition the positioning

system into three entities.

A special site filter 332 1looks up a 1list of the
special sites from the network profile database 142
using the serving cell information in the current NMR.
The special sites could be a sea front region, a
vehicle tunnel or an underground station where the
location of the cell is known and geographically well-
defined. Whenever matching is found in the 1list, the
location evaluation will be based only on the serving
cell ID 360. The definition of special site is
invariably an GSM base station serving a very confined
area and having very little overlapping with its
neighbour cells. By making use only of the 1ID
information of these special sites, an accurate
resulted location 370 can be produced in a speedy

manner.
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The sea front filter 334 makes use of a table from the
network  profile database 142, which identifies
boundaries of all the important sea front regions in
terms of longitude and latitude. If the location of the-

serving cell is bounded by a sea front boundaries,

Vector Quantization 350 will Dbe applied as the

preferred algorithm. Otherwise, the (default) Algorithm

340 will be applied.

The. Algorithm 340 is applied to work out the resulted
location 370 from a current valid NMR 310 by looking
‘through a network profile database 142 and network
statistics database 144. This algorithm is applied in

three phases.

Phase 1 involves the extraction of the cell identities
for seven most importantly related cells, which is
measured by and based on NMR from the mobile station.
The serving cell ID is immediately available from the
current valid NMR 310 while the other six neighbour
cell mapping module has been described with reference
to Figure 4. The received signal strength values are
piggy-backed to the cell identities forming a group of
SEVEN pairs of NMR cell information ¥F: (Fx,1, Fx,2).

where k=0, 1, 2, 3, 4, 5, 6:
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Fk.1 cell ID received by the mobile station

]

Fx,2 signal strength for the k* cell perceived by the
P Y

mobile station
Note that k = 0 refers to serving cell information.

Phase 2 requires two input sources, one of them is the
NMR cell information F: (Fx,1, Fx,2) while another one is
the matrix of handover statistics H: (Hgq,1, Hq,2, Hq,3),

where g=1, 2, .., N.

Suppose that:
N = total number of handover relations in the
entire network
M = total number of cells in the entire network
P(xr) = total number of Thandover relations
originating from the r*® cell, different cells may
have different values

then,
Hr,1 = current originating cell ID

Hs,2 = current target handover cell ID from cell

[

Hr1

Hq,3 = historical number of successful handovers
from cell (H;,1) to relation (Hs,1)

where r=1, 2, .., M and s=1, 2, .., P{i)

The next step is to generate a new matrix U from the

matrices F and H by applying the criteria H;,i1 = Fx,1,
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where k=0, 1,2, 3,4, 5, 6, The entities for matrix U are

defined as follows:

Matrix U: (Uas,1, Ua,2, Ua,3), where a=l, 2, .., A (A is

the total number of relations for the 7 cells in F.)

Suppose that:

m{r) = the maximum count of successful handover
among all handover relations for a particular

originating cell (H;,i1)

then,
'Ua,1 = Hr,a = Fxa
Ua,2 = Hg,2
Ua,s = Fx,2 * Hq,3 / m(x)

Thus, (Ua,3) is the product of received signal strength
and successful handovers being normalized by ' the
maximum count of successful handovers of a particular

originating cell. (U,,3;) is termed as the reference

index.

Another matrix V is generated from matrix U in order to
sum up all the reference index values for every unique

target handover cell (U,,z) .

Matrix V: (Vb,1, WVb,2), where b=1, 2, ., B (B is the

total number of distinct target handover cells in U.)
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Vp,1 = any of the distinct elements in U,,»
Vo2 = E(Ua,s) for all (Ua,2 = Vb,l) AND (Vg,1 = Vp,1

’

where

Cczb)

Now matrix F contains the vicinity information for the
SEVEN cells in the NMR while matrix V contains the
reference index values which can be used to infer the
location of the mobile station. To combine matrices F

and V, another matrix W is formed.

Matrix W: (Wa,1, Wd,z)

For d=0 to 6,

Wa,1 = Fx,1

'

Wa,2 = o * Fk,2

where k=0, 1, 2, 3, 4, 5, 6; g=2.5 which is a

weighting factor applied to the SEVEN cells in NMR

For d=7, 8, .., (B+7) (B is the total number of

distinct target handover cells in U.)

Wa,1 = Vb2

Wa,2 = Vp,2
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Another matrix Z is generated from matrix W in order to
sum up all the reference index values for every unique

cell (Wgq,1) in W.

Matrix 2Z: (Ze,1, Ze,2), where e=1, 2, ., E (E is the

total number of distinct target handover cells in W.)

Ze,l

it

any of the distinct elements in Wg,1

" Ze,2 = XA Wd,z) for all (Wd,l = Ze,l) AND (Zf,l = Ze,1

.
‘

where

fze)
Thus in an embodiment each pair of the 7 pairs in matrix F may be treated individually. For
each Fy ; or H..: there is a list of target handover cells (Hs2) which may or may not be included
in matrix F; and H;; = H; (or Fx 1 — H;?) is a pair of neighbouring relations. For each
relation, the chance of successful handover i.e. Hg3 / m(r) is multiplied by signal strength
corresponds to Fy; which is Fy ;. Thus the calculation involves handover from one of the
seven cells in matrix F. In this embodiment Matrix W includes all 7 cells of Matrix F when
d=0 to 6 (i.e. serving cell and 6 neighbouring cells included in the nmr) and also all target

handover cells neighbouring those 7 cells (i.e. from d=7 onwards).

Phase 3 searches the THREE cells (Ze,1) with maximum
values of (Ze2). These cells are used to identify the
mobile station’s location. The locations of these THREE
cells form the vertices of a triangle. The resulted

jocation is the centroid latitude and longitude of the

triangle.
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The vector. quantization 350 makes use of a codebook,
which models the radio characteristics of some specific
sea-front regions in the GSM network, for future look-
up by the compressed measurement reports 310. If the
codeword 1is valid (352), the resulted location 370 is
retrieved from the codebook immédiately. Otherwise, thé
default Algorithm 340 is used. Vector quantization can

be regarded as a form of pattern recognition where an
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input pattern is “approximated” by one of a

. predetermined set of standard patterns, or in other

words, the input pattern 1is matched with one of a
stored set of templates or codewords. A vector
quantizer Q of dimension k and size N is a mapping from
a vector (or a “point”) in k-dimensional Euclidean
space, R*, into a finite set C containing N output or
reproduction points, called code vectors or codewords.
Thus, Q:R*5C, where C = (yi1,y¥2,--,¥y) and yied={1,2,..,N},
The set C 1s the codebook or the code and has size N,
meaning it has N distinct elements, where each is a
vector in R*. The resolution, the code rate, or, simply
rate of a vector quantizer is r=(log.N)/k, which
measures the number of bits per wvector component used
to represent the input vector. This gives an indication .
of the accuracy or precision that is achieved with a

vector quantizer where the codebook is well-designed.

The codebook is typically implemented as a table in a
digital memory and the number of bits of precision used
to represent each component of each code vector does
not affect the resolution or the bit-rate of the vector
quantizer. In the present embodiment, every codeword in
the codebook C represents a point in a sea front
region, for example. Each codeword comprises a variable
number of entities since the number of perceived cells

varies from point to point. However, each entity
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strength as perceived by the mobile station in -that
geographical region. The codebook is C=(yi, Y2, -, ¥x)
where yi = {(ca, s1), (c2, s2), (c3, S3), w , (Cm,
Sm(1)) }. The codewords are collected using data derived
during extensive drive tests and walk tests along pre-
defined routes within the network. The entire codebook
is updated regularly in order to remain current and
valid, despite any changes caused by network expansion

or network re-configuration.

The current wvalid NMR 310 collected from the SIM
Application Toolkit (STK) is <checked against the
codebook, initially using the cell identities. Although
each NMR has at most seven cells’ identities and
received signal strength values, it is common that less
than seven cells’ information can be received or
decoded in practice due to many reasons, including
radio interference. If too few cell identities are
decoded from the NMR, the resolution for Vector
Quantization 350 is regarded as too low for a reliable
output. Therefore, only NMR with three or more cell
identities is used for Vector Quantization in this

embodiment.

In any case, multiple codewords are matched with a

certain number of cell identities in a current NMR, and

Page 290 of 493



10

15

20

25

23

the deviations from the quantization level, signal
strength values are used to determine the closest

match.

The locating system 230 provides resulted locations in
terms of longitude and latitude. However, it is
sometimes more user-useful in practical applications to
have an area name rather than a numerical result. In
that case, Area Mapping Module 240 maps the resulted
location to an area by using the network profile
database 142. If a single point is to be traditionally
searched, throughout the entire digital map of the
concerned country or city, substantial memory space and
long searching time are needed. Thus, instead of using
a traditional search, a two-step searching algorithm is
used as follows, in order save memory space and to

speed up the searching time required.

STEP 1: An initial search ig made at a relatively low
resolution. This is equivalent to dividing an entire
map into a number of big squares. Longitude and
latitude is then checked against corners of the squares

to find the nearest square for the resulted location.

STEP 2: The first step acts as the table index search.
There are a number of tables storing detailed location
points relating to area information. The square found
in STEP 1 corresponds to a particular table, which is
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then be loaded into a memory for more specific location

searching.

This two-step searching algorithm enables the area
mapping  module 240 to be implemented in the same .
platform of memory 230, which is Javga. A  single
platform implementation allows use of a more consistent
and reliable software design, which is less subjective
to program incompatibilities, software version updates

and maintenance problems.

Alternatively as mentioned earlier, the area mapping
function can also be accomplished by a function call
from MapInfo, which is a known geographical displaying
tool. Whenever the resulted location is inputted, the
function quickly maps to one of the pre-defined area
objects and returns the area name. It 1s necessary to
build an interface between the memory 230 and the area
mapping module 240. The interface can be implemented in
two possible ways, for example, one way is based on
Visual Basics 6.0 and the other way is written by

Visual C++.
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CLAIMS

1. A locating system for a wmobile station which
comprises a locating system computer, the system
supplying a normal network measurement report (NMR) for
the mobile station to the computer, comparing the NMR
with a network profile database, and computing resulted
latitude and longitude for the mobile station where a

suitable comparison is found.

2. A locating system according to claim 1, including
the steps of validating and synchronising the NMR prior

to supplying the NMR to the computer.

3. A locating system according to claim 1 or 2, in
which the locating is carried out wusing a network
statistics database for comparison in the computer, the
database is derived using an algorithm to firid the cell
identity (ID) of seven most important adjacent cells,
as measured by the mobile station, applying network
handover statistics to calculate vicinity information
of each cell, selecting the three nearest cells
according to the calculation, and providing the
resulted latitude and longitude as a centroid of the

latitudes and longitudes of the three cells.

4, A locating system according to any of claims 1 to

3, including comparing the NMR with a vector
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quantization (VQ) code book that contains codeword
locations for cells located at special regions of the

network, providing the resulted latitude or longitude

based on any matching cell ID only.

5. A wmethod for approximately locating a mobile
station (MS) in a cellular mobile communications
system, comprising the steps of identifying three cells
in the vicinity of the mobile station, each said cell
having a cell location; and determining an approximate
position of the mobile station using the locations of

the three cells.,

6. A method as claimed in claim 5, wherein the
approximate position of the mobile station is
determined by calculating a centroid of a triangle

formed by said three cells.

7. A method as claimed in claim 5 or 6, wherein the
said three cells are selected from a plurality of
candidate cells neighbouring a serving cell for the

mobile station.

8. A method as claimed in claim 7, wherein a said
neighbouring cell is determined using at least one
gystem parameter relating to the mobile station
selected from a group including an ID of the serving

cell, an ID of a base station in communication with the
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mobile station, and a candidate neighbouring cell

frequency channel.

9. A method as claimed in claim 7 or 8, wherein a
said neighbouring cell is determined using a database
(142) comprising cell mapping data defining physical

cell locations.

10. A method as claimed in any one of claims 7 to 9,
wherein the said three cells are selected from six

candidate neighbouring cells.

11. A method as claimed in any one claims 7 to 10
further éomprising measuring, for each neighbouring
cell, a signal strength for a signal transmitted
between the mobile station and the neighbouring cell;
and selecting said three cells using the measured
signal strengths and a database (144) of cell-to-

neighbour-cell handover statistics.

12. A method as claimed in claim 11 further comprising
calculating, for each neighbouring cell, a wvalue
representing a probability of a successful handover to
that‘cell, and wherein said selecting is reSpoqsive to

the calculated probability.
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13, A method as claimed in claim 5 wherein, responsive
to the identity of a cell serving the mobile station
indicating that the mobile station is close to a sea
front region or other predetermined special site, the
approximate position of the wobile station is
determined using only the serving cell identity rather
than by identifying three cells in the vicinity of the

mobile stationm.

14. A method for approximately locating a mobile
station (MS) in a cellular mobile communications
system, comprising the steps " of using a compressed
system parameter report to look up an approximate
mobile station location in a vector quantization

codebook.

15. A method for approximately locating a mobile
station (MS) in a cellular mobile communications
system, comprising selecting one of a plurality of
location - determining algorithms responsive to the

identity of a cell serving the mobile station.
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16. A method as claimed in any one of claims 5 to 15 for
approximately locating a mobile phone in a mobile phone

network.

17. A method as claimed in claim 16 wherein the mobile

phone network is a phone network using GSM protocols.

18. Apparatus for carrying out the method of any

oneof claims 5 to 18.

19. Software on a data carrier for carrying out the

method of any one of claims 5 to 17.
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LOCATION DETERMINATION USING RF FINGERPRINTING

BACKGROUND OF THE INVENTION

The present invention relates generally to telecommunications,
and more specifically to wireless messaging systems.

In connection with mobile communication systems, it is becoming
increasingly important to determine the location of the communicating
Mobile Unit (MU). Various systems for locating are already well known. One
solution that is readily available in most modern cellular systems is to
use the ID of the cell from which the MU is communicating. Typically, this
information is accurate to a resolution of several miles. A second
solution is'to compute the location of the MU based on the cellular network
signaling parameters (angle of arrival, time delay of arrival, signal
strength, etc.). This information is typically accurate to several tens of
meters. Yet another solution is to equip the MU with a GPS receiver which
then attempts to track the location of the MU as accurately as possible,
Typically, GPS receivers can compute locations to within several tens of
meters of accuracy. When combined with differential corrections, the
accuracy can be improved to less than 10 meters with a high degree of
probability.

As far as reliability is concerned the cell ID information is
the most reliable, and is guaranteed to be available as long as the
cellular network is functioning normally. The network signal based
location computations are less reliable, since they are dependent on
several conditions being true at the time of the call. For example, most
schemes require the MU to have line-of-sight visibility to multiple
cellular base stations. This is not always possible. GPS based location
computation is also not always reliable since the MU may be in an
environment where there is no penetration of the GPS satellite signals.

SUMMARY OF THE INVENTION

The present invention provides a method for determining the
location of a mobile unit in a wireless communication system and presenting
it to a remote party.

According to one aspect of the invention location of a remote
MU is determined by comparing a snapshot of a predefined portion of the
radio~-frequency (RF) spectrum taken by the MU to a reference database
containing multiple snapshots taken at various locations. The result of
the comparison is used to determine if the MU is at a specific location.
The comparison may be made in the MU, or at some other location situated
remotely from the MU. 1In the latter case, sufficient information regarding
the captured fingerprint is transmitted from the MU to the remote location.
The database may be pre-compiled or generated on the fly.
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A further understanding of the nature and advantages of the )
present invention may be realized by reference to the remaining portions of
the specification and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a representative wireless communication system;

Fig. 2 is a high level diagram of the Mobile Unit;

Fig. 3 is a flow diagram of the position determining process
employed by this invention;

Fig. 4 is an illustration of the organization of the
fingerprint data; and .

Fig. 5 is an illustration of the organization of the
fingerprint database.

DESCRIPTION OF SPECIFIC EMBODIMENTS

The present invention provides a new method for determining the
location estimate of a Mobile Unit (MU) in a wireless communication
network.

Fig. 1 is a high level block diagram of a wireless
communication network. A Mobile Unit 10 has a connection with a wireless
network 15, which in turn is connected to an Other Party 30, The Other
Party may or may not be mobile. The location of the MU is of interest to
the Other Party for several reasons such as provisioning of prompt and
efficient personalized gervices, dispatching emergency assistance
personnel, tracking the movements of the MU, etc.

There are seﬁeral different methods for determining the
location of MU 10, as is known to one skilled in the art. For example, the
MU could be equipped with a GPS receiver. Alternatively, the wireless
network could be equipped to determine the location of MU 10. For example,
the network could monitor the time of arrival of signals from the MU at
various nodes and from that information determine its location. Again,
such techniques are well known to one skilled in the art.

All of the prior art techniques have significant disadvantages.
For example, it is well known that GPS receivers do not work very well in
urban canyons and indoor locations where signal strength is very low. The
network based schemes such as TDOA and AOA (both well known prior art) are
disadvantaged in that they need significant infrastructural modifications.

The present invention provides a new method for determining the
location of MU 10 which (a) works in areas where GPS coverage is not
typically available, and (b) does not require any infrastructural
modifications. Thus, the present invention complements existing location
determining technologies and, when used in conjunction with them, augments
their performance.

The invention is based on the principle that any location has a
unique Radio Frequency (RF) spectral fingerprint. Spectral fingerprint in
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this context is defined as a predetermined combination of observable RF
spectral parameters. For instance, observed signal strength of a
predetermined set of signals in the RF spectrum constitutes a fingerprint.

Today, worldwide, practically the entire RF spectrum, up to 2 GHz and
above, is being utilized by several different applications. The signal
characteristics vary greatly across this spectrum, however, for any given
location, it is possible to pre-select a portion of the spectrum and a
combination of sigﬁal parameters in the pre-selected band that will be
unique to that location.

In accordance with the invention MU 10 is equipped with
circuitry and software that is capable of capturing information from
predetermined portions of the RF spectrum. In one embodiment the
predetermined portions of the RF spectrum all fall within or in close
proximity to the same band as that utilized by the wireless communication
network. In such an instance the same hardware circuitry can be used for
performing both functions. In another embodiment the predetermined
portions of the RF spectrum are different from the wireless communication
band and in such an instance additional circuitry is required. For
example, the MU may use signal characteristics from the television UHF
band, in which case it will require a television tuner capable of capturing
the appropriate television channels. In another example the MU is equipped
with a tuner designed to capture AM or FM radio broadcasts. In this case
the MU is equipped with a radio capable of tuning to the appropriate radio
broadcasting bands.

Fig. 2 shows the MU containing a component 101 for tuning to a
predetermined portion of the RF spectrum. Also included is a communication
component 105 for communicating information with the Other Party over an
existing wireless infrastructure. Component 101 obtains information from
the RF spectrum via an Antenna 102.

In many instances, Other Party 30 is interested in only
determining if MU 10 is at a particular location or not. The resolution of
knowing the MU's location is not high (e.g., several meters), but much
coarser, such as of the order of several tens of meters. For example,
Other Party 30 may be interested in knowing if MU 10 is inside a particular
building, or a campus or a block. In such cases it is not necessary to
provide very high-resolution information to Other Party 30.

There are other instances where Other Party 30 is desirous of
knowing the accurate location of MU 10, however, is incapable of doing so.

This could be because other location determining capabilities in the
system, such as GPS, are not functional at the instant when the location
information is desired. This is typical when the MU is in an area where
GPS signals are not available, such as inside a building. The location
determining method degcribed in this invention is capable of operating in
areas where GPS and other location technologies are not.

When a location estimate of the MU is desired (either by itself
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or by the Other Party), it activates component 101 (Fig. 2), which captures
predetermined information from a predetermined portion of the RF spectrum.
.Instructions regarding what information to capture and the portion of the
RF spectrum from which to capture may be either pre-programmed in the MU,
or generated in real time. In the latter case, it may be generated in the
MU, or downloaded into the MU from the Other Party over the wireless
network. The MU may capture multiple pieces of information or from
multiple portions of the spectrum.

The spectral fingerprint may be generated using many different
parameters, either individually or in combination. In one embodiment,
signal strength is used. In another embodiment, phase information is used.

In another embodiment, the identity of the received signals (e.g.,
frequency) is used. In yet another embodiment the identity of the signal
source (e.g., channel number or station code) is used. In yet another
embodiment, the geographic locations of the transmitters from which the
signals originate are used.

The MU is equipped with the appropriate circuitry and software
to capture the required signals and their parameters. In one embodiment
the MU has an antenna that is designed to have a bandwidth spanning a large
portion of the VHF and UHF spectrum, e.g., from 70 MHz toc 1 GHz, In
another embodiment, the MU has an antenna that is designed to capture only
a narrowband of the spectrum. Such an antenna may be cheaper to implement
and unobtrusive. In one embodiment the MU is equipped with appropriate
circuitry to determine the strength of the received signal. In one
instance the location of the transmitter is broadcast in the signal and is
extracted in the MU.

In one embodiment, the MU is instructed by the Cther Party to
scan selected portions of the spectrum and capture selected parameters from
the received signals. The Other Party determines which portions of the
spectrum to scan and what parameters to capture based on other information
it has received or generated regarding the MU. For example, in one
instance the Other Party knows the approximate location of the MU by
receiving identity of the (wireless communication network) cell that the MU
is in at that time. By looking up a database the Other Party can determine
the geographic location of the cell. The Other Party then determines which
signals in the vicinity of said cell are most suitable for generating a
fingerprint. For example, certain television signals may have better
coverage of the cell than other signals. The Other Party then transmits
this information (e.g., television channel numbers) to the MU via the
wireless link requesting it to scan only those selected signals.

In another embodiment of the invention, the MU determines which
portion of the spectrum to scan, and what parameters to use for generating
the fingerprint.

After the MU captures the appropriate signals and extracts the
parameters, it has the basic information for generating the fingerprint.
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Some preprocessing may be required to refine the raw data. For example,
signal strengths may have to be lower and upper limited to eliminate very
weak and very strong signals.

Once the fingerprint is generated, its association with a
certain location has to be determined. According to this invention this is
done by utilizing a fingerprint database that contains a number of
fingerprints along with their corresponding location identities. 1In one
embodiment the database is gtored in the MU, The generated fingerprint is
compared with the fingerprints in the database and the fingerprint in the
database that is closest to the generated fingerprint is selected as the
match. The corresponding location in the database is then chosen as the
location of the MU. In one embodiment of the invention, the search
algorithm takes more than one fingerprint from the database that are
closest to the generated fingerprint and interpolates the most plausible
location for the MU from the locations of the chosen fingerprints.

In another embodiment the fingerprint database is stored at the
Other Party and the generated fingerprint (in the MU) is transmitted to the
Other Party over the wireless link. The search for the closest fingerprint
is then done in the Other Party from which it determines the location of
the MU.

Fig. 3 depicts the flow of events in this case. A request for
position of the MU is generated, as shown in box 301. The reguest may be
generated by the user carrying the MU, or remotely by the Other Party. On
receipt of the request the MU captures the fingerprint of its current
location (box 303). The captured fingerprint is processed appropriately.
Processing may include filtering the fingerprint data and reformatting it
teo reduce its storage space. Subsequently the fingerprint is transmitted
over the wireless link to the Other Party as shown in box 305. The Other
Party has a database into which it executes a search for the closest
matching fingerprint, as shown in box 307. Box 309 shows the process
culminating in the retrieval of the best matching fingerprint along with
its corresponding location. In one embodiment the search also returns a
confidence measure that depicts the closeness of the match.

According to one aspect of this invention the fingerprint
database is designed to take into account any dynamic, but predetermined,
variations in the RF signal characteristics. For example, it is not
uncommon that some AM radio broadcast stations lower their transmitter
power at night to minimize interference with other stations. 1In some
countries this is mandated by law. If signal strength is one of the
parameters used for generating the fingerprint then it is essential that
that dynamic change in transmitted power be taken into consideration before
any decision is made. According to this aspect of the invention the
fingerprint database and the decision algorithms are designed to
accommodate such dynamic changes. Since the change pattern in signal
characteristics is predetermined, the database is constructed by capturing
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the fingerprints at different times so as to cover all the different
patterns in the transmitted signals. The time at which a fingerprint was
captured is also stored along with its location identity.

There are many choices for the search algorithm that is
required to determine the closest matching fingerprint, as can be
appreciated by one skilled in the art of statistical pattern matching.
Specifically, the choice of the algorithm is a function of what parameters
are used to generate the fingerprints. In one instance the search
algorithm chooses the fingerprint from the database that has the smallest
mathematical distance between itself and the captured fingerprint. The
mathematical distance is defined as a norm between the two data sets. For
example, it could be the average squared difference between the two
fingerprints. There are many different ways to define “closeness” between
two fingerprints; again, this is dependent on the signal parameters used to
generate the fingerprints. In one embodiment the search algorithm also has
built in heuristics that make the best possible decision in case none of
the fingerprints in the database matches well with the generated
fingerprint.

The complexity of the search can be greatly reduced if an
approximate estimate of the MU’s location is already available. For
example, if the identity of the cell in which the MU is located is known,
then according to this invention, the search algorithm will limit its
search to only those fingerprints that correspond to locations contained
within said cell.

Similarly, the search complexity is reduced by noting the time
at which the location information is requested. As previously menticned,
not all fingerprints in the database are valid for all times in the day.
Knowing the time at which the request is received, the database engine
limits the search to the appropriate fingerprints.

Fig. 4 illustrates a structure 400 of the fingerprint in one
embodiment of this invention. As mentioned previously there are several
possible methods for defining the fingerprint. Fig. 4 is but an example.
The time at which the fingerprint is captured is stored in the fingerprint
structure, as shown by box 401. In one embodiment the UTC format is used
to store time. There are several fields in the structure, some of which
are optionally filled by the MU. Some other fields are optionally filled
by the Other Party. It is not necessary that all fields be filled since
the necessary fields can be predetermined based on system parameters.

The fingerprint comprises characteristics of received signals
at multiple frequencies. Each column in Fig. 4 is information pertaining
to a particular frequency or carrier. A Station ID field 403 indicates the
unique identifying code of a broadcasting station from which the signal
emanated. This field is optional. In one embodiment this field is filled
by the MU using information received in the signal. 1In another embodiment
this field is filled by the Other Party to indicate to the MU as to which
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signals to capture for the fingerprint. A Fregquency field 405 isg the
unigue frequency value at which a signal is captured. Either the Station
ID field or the Frequency field is mandatory since without both it is not
possible to identify the signal. A Tuning Parameter field 407 is used when
the MU requires additional information to tune to a particular carrier. In
one embodiment this field is supplied by the Other Party with information
containing the modulation characteristics of the signal. This field is
optional. In one embodiment a Transmitter Location field 409 is used to
characterize the received signals. In another embodiment this field is
filled by the Other Party. The MU may optionally use this information to
determine if it wants to capture the signal emanating from a particular
transmitter. Finally, Signal Strength fields 411, 413, are filled by the
MU based on the signal strengths of the received carriers. 1In one
embodiment the signal strength is sampled multiple times for each frequency
in order to smooth out any variations. At least one of the Signal Strength
fields is required to be filled by the MU.

Fig. 5 shows the high level structure of the fingerprint
database 501 in one embodiment. As one skilled in the art can appreciate,
there are many methods for building, managing and searching databases. The
purpose of Fig. 5 is merely to illustrate the structure of the database in
one embodiment. Each row in database 501 corresponds to one fingerprint.
The Lat and Long fields indicate the latitude and longitude of the location
to which the fingerprint corresponds. In one instance the fingerprint
corresponds not to one exact spot on the surface of the earth, but instead
to a small area. The Lat and Long fields in this embodiment indicate a
position inside the area, preferably the center point. The Time column
indicates the time at which the fingerprint was captured. In one
embodiment the UTC time format is used to indicate this time. The
Fingerprint column contains the actual fingerprint data. 1In one embodiment
the structure depicted in Fig. 4 is uséd to store the fingerprint data.
Finally, the Description column contains a short description of the
location corresponding to the fingerprint. For example, it may indicate a
street address, or an intersection. This field is optional.

Generation of the fingerprint database is another aspect of
this invention. In one embodiment the database is built by taking off-line
snapshots of fingerprints at various locations. The fingerprint
information along with the coordinates of the location are entered into the
database. The more the locations, the richer the database. The resolution
of location determination is also controlled by how far apart the
fingerprint samples are taken. The closer they are, the higher the
resolution. Of course, a person skilled in the art can appreciate that the
resolution of the database is limited by the sensitivity of the fingerprint
measuring device, In one embodiment the fingerprints are taken using very

sensitive signal measuring devices that enable locations that are very

close to each other to have distinct fingerprints.
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In another embodiment the database is built by taking
fingerprint measurements at predetermined locations and using intelligent
algorithms that interpolate the fingerprints at all locations in between
the sampled locations. Thig method has the advantage of not requiring a
great many physical measurements to be made, however, it does suffer from
some loss in accuracy. This is because, however clever, the interpolating
algorithms will not be as accurate as making the actual measurements.

In yet another embodiment the database is generated on the fly
using smart algorithms that can predict the fingerprints in a local area.
This scheme is effective in instances where an approximate idea’of the MU
is already available. For example, this could be the cell in which the MU
is.

Conclusion

In conclusion, it can be seen that this invention has two
significant improvements over prior art location technigues. One, it can
be be implemented without requiring any modifications to existing This
invention has two significant improvements utilized in areas where GPS
coverage is not available. This is because the fingerprints are generated
by using portions of the RF spectrum that typically have superior coverage
and in-building penetration than GPS signals. Second, it can
infrastructure.

While the above is a complete description of specific
embodiments of the invention, various modifications, alternative
constructions, and equivalents may be used. Therefore, the above
description should not be taken as limiting the scope of the invention as
defined by the claims.
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WHAT IS CLAIMED IS:

1. A method for locating the position of a mobile unit in a wireless

communication network said method comprising the following steps:
‘ capturing a first fingerprint of the RF spectrum in the mobile

unit;

comparing said first fingerprint with a multiplicity of
fingerprints, each said multiplicity of fingerprints corresponding to a
unique location;

selecting a second fingerprint from said multiplicity of
fingerprints as the closest matching fingerprint to said first fingerprint;
and

assigning a location corresponding to said second fingerprint
to said mobile unit.

2. The method of claim 1 wherein said first and second fingerprints are
generated using a predetermined portion of the RF spectrum.

3. The method of claim 1 wherein said first and second fingerprints are
generated using a predetermined set of signal parameters.

4. The method of claim 1 wherein said multiplicity of fingerprints is
stored in the mobile unit.

5. The method of claim 1 wherein said multiplicity of fingerprints is
stored in an Other Party that is linked to the mobile unit wvia the
wireless communication network.

6. The method of claim 5 wherein said first fingerprint is processed and
transmitted over the wireless communication network to the Other Party.

7. The method of claim 4 wherein said location assignment is performed by
the mobile unit.

8. The method of claim 6 wherein said location assignment is performed by
the Other Party.

9. The method of claim 2 wherein said predetermined portion of the RF
spectrum overlaps with the portion of the RF spectrum utilized by the
wireless communication netwofk.

10.The method of claim 2 wherein said predetermined portion of the RF
spectrum overlaps with the portion of the spectrum utilized by
commercial FM radio broadcasting stations.
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Cross Reference to Related Applications

[001] The present application claims priority benefit to and hereby
incorporates by reference in its entirety co-pending U.S. Provisional Patent Application

Serial Number 60/899,379 filed on 5 February 2007.

Background

[002] The present disclosure is directed generally towards a system and
method for estimating the location of a wireless mobile device that is in communication
with a wireless communications network. More specifically, the disclosure relates to the
problem of estimating the location of a wireless mobile device using informatioq from
one or more Network Measurement Reports (“NMRs”) which may be generated by a
wireless communications network or the mobile device.

[003] As is well known in the art, the use of wireless communication
devices such as telephones, pagers, personal digital assistants, laptop computers, anti-
theft devices, etc., hereinafter referred to collectively as “mobile devices”, has become
prevalent in today’s society. Along with the proliferation of these mobile devices ié the
safety concern associated with the need to locate the mobile device, for exémple in an
emergency situation. For example, the Federal Communication Commission (“FCC”)
has issued a geolocation mandate for providers of wireless telephone communicatioﬁ
services that puts in place a schedule and an accuracy standard under which the providers
of wireless communications must implement geolocation technology for wireless
telephones when used to make a 911 emergency telephone call (FCC 94-102 E911). In
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addition to E911 emergency related issues, there has been increased interest in
technology which can determine the geographic position, or “geolocaté” a mobile device.
For example, wireless telecommunications providers are developing location-enabled
services for their subscribers including roadside assistance, turn-by-turn drivingl
directions, concierge services, location-speciﬁc billing rates and location;speciﬁc
advertising.

[004] - Currently in the art, there are a number of different ways to
geolocate a mobile device. For example, providers of wireless communication services
have installed mobile device location capabilities into their networks. In operation, these
network overlay location systems take measurements on radio frequency (“RF”)
transmissions from mobile devices at base station locations surrounding the mobile
device and estimate the location of the mobile device with respect to the base stations.
Because the geographic location of the base stations is known, the determination of the
location of the mobile device with respect to the base station permits the geographic
location of the mobile device to be determined. The RF measurements of the transmitted
signal at the baée stations can include the time of arrival, the angle of arrival, the signal
power, or the unique/repeatable radio propagation path (radio fingerprinting) derivable
features. In addition, the geolocation systems can also use collateral information, e.g.,
information other than that derived for the RF measurement to assist in the geolocation of
the mobile device, i.e., location of roads, dead-reckoning, topography, map matching, etc.

[005] In a network-based geolocation system, the mobile device to be

located is typically identified and radio channel assignments determined by (a)
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monitoring the control information transmitted on radio channel for telephone calls being
placed by the mobile device or on a wireline interface to detect calls of interest, i.e., 911,
(b) a location request provided by a non-mobile device source, i.e., an enhanced services
provider. Once a mobile device to be located has been identified and radio channel
assignments determined, the location determining system is first tasked to deterrﬁine the
geolocation of the mobile device and then directed to report the determined position to
the requesting entity ‘or enhanced services provider.

[006] The monitoring of the RF transmissions from the mobile device or
wireline interfaces to identify calls of interést is known as “tipping”, and generally |
inVOl;\’CS recognizing a call of interest beihg made from a mobile device and collecting
the call setup information. Once the mobile device is identified and the call setup
information is collected, the location determining system can be tasked to geolocate the
mobile device.

[007] While the above-described systems are useful in certain situations,
there is a need to streamline ti)e process in orde% to efficiently and effectively handle the
vast amount of data being sent between the wireless communications network and the
large number of mobile devices for which locations are to be determined. In this regard,
the present disclosure overcomes the limitations of the prior art by estimating tﬁe location
of a wireless mobile deviée using, at least in part, one or more pre-existing Network
Measurement Reports (“NMRs”) whichvinclude calibration data for a number of locations
within a geographic region. The calibration data for these locations must be gathered and

analyzed so that particular points (e.g., “grid points”) within the geographic region can be
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determined and associated with a particular set or sets of calibration data from, for -
4example, one or more NMRs. Then, the received signal level measurements reported By
the mobile device to be geolocated may be compared with the data associated with the
various grid points to estimate the location of the mobile device. The performance of a
grid-based pattern matching system Such as that disclosed herein is.typically dependent
on stored received signal level measurements that accurately reflect the levels that are
likely to be reported by the mobile device to be located. These grid points do not
necessarilyhave to be part of a uniform grid and usuélly will not be uniformly distributed
throughout the geographic region. These non-uniform grid points (“NUGs”), once
determined, can be aséigned geographic coordinates so that the NUGs may be used in
determining the location of a mobile device exhibiting certain attributes as discussed in
more detail below.

[008] Accordin.gly, an embodiment of the present disclosure provides a
method for assigning geographical coordinates to a grid point located in'a geographic
region for the location of a mobile device where the method provides calibration data for
each of one or more calibration points in the geographic region and where for each of the
~ calibration points the associated calibration data is evaluated and based on that evaluation
a determination is made as to whether at 'least one grid pbint should be defined, énd if sb,
geographical coordinatesv are assigned to the grid point.

[009] An additional embodiment of the present disclosure further includes
in the above method a determination of geographical coordinates for each of a plurality of

nodes of a uniform grid spanning the geographic region and for each of the grid points
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determining a closest node from the plurality of nodes and assigning characteristic data
associated with the grid point to the closest node.

[010] A further embodiment includes a method of assigning geographical
coordinates to a grid point located in a geographic region for the location of a mobile
device where calibration data for each of one or more calibration points in the geographic
region are provided, and where for the calibration data associated with each of the
calibration points the calibration data is evaluated, a determination is made based on the
evaluation as to whether at least one grid point should be defined, and geographical
coordinates are assigned to the grid point,

[011] In another embodiment of the present disclosure, a system for
assigning geographical coordinates to a grid point located in a geographic region is
presented where the system includes a database and a processor for receiving calibration
data for each of one or more calibration points in the geographic region and for each of
the calibration points the processor is programmed to evaluate the associatéd calibration
data, determine if at least one grid point should be defined based on the evaluation, assign
geographical coordinates to the at least one grid point, and populate the database with the
geographical coordinates.

t012] A further embodiment of thé present disclosure includes in the above
system circuitry for determining geographical coordinates for each of a plurality of nodes
of a uniform grid spanning the geographic region, and circuitry for determiﬁing, for each
of the at least one grid point, a closest node from the plurality of nodes and assigning

characteristic data associated with the grid point to the closest node.
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Brief Description of the Dfawiggg

[013] Figure 1 is a flow chart for a method for assigning geographical
coordinates according to an embodiment of the disclosure.

[014] Figure 2 is a flow chart for a method for assigning geographical
coordinates including a calibration point according to an embodiment of the disclosure.

[015] Figure 3 is a flow chart for a method for assigning geographical
coordinates including calibration data according to,aﬁ embodiment of the disclosure.

[016] Figure 4 is a flow chart for a method fof assigning geographical
coordinates including clustering of data according to an embodiment of the disclosure.

[017] vFigure 5 is a flow chart for a method for assigning geographical
coordinafes‘including clustering of data vectors according to an embodiment. of the
disclosure.

[018] Figure 6 is a flow chart for a method for assigning geographical
coordinates including clustering according to an embodiment of the disclosure.

[019] Figure 7 is a flow chart for a method for assigning geographical
coordinates including determining outliers according to an embodiment of the disclosure.

[020] Figure 8 is a flow chart for a method for assigning geographical
coordinates including clustering of data vectors at the same calibration point according to

an embodiment of the disclosure.
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[021] Figure 9 is a flow chart for a method for assigning geographical |
coordinates including clustering of data vectors at the same calibration point according to
an embodiment of the disclosure.

[022] Figure 10 is a flow chart for a method for assigning geographical
coordinates to a grid point according to an embodiment of the disclosure.

[023] Figure 11 is a flow chart for a method for assigning geographical
coordinates including assigning geographical éoordinates to a grid point where only one
calibration poi’ﬁt is in a geographic region according to an embodiment of the disclosure.

[024] Figure 12 is a flow chart for a method for assigning geographical
coordinates including assigning geographical coordinates to a grid point where there are
plural calibration points in a geographic region according to an embodiment of the
disclosure.

[025] Figure 13 is a flow chart for a method for assigning geographical
coordinates including calibration data information according to an embodiment of the
disclosure.

[026] Figure 14 is a flow chart for a method for assigning geographical
coordinates including evaluating calibration data according to an embodiment of the
disclosure.

[027] Figure 15 is a flow chart for a method for assigning geographical
coordinates including populating a database with the geographical coordinates according

to an embodiment of the disclosure.
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[028] | Figure 16 is a flow chart for a method for assigning geographical
coordinates including database information according to an embodiment of the
disclosure.

[029] Figure 17 is a flow chart for a method for assigning geographical
coordinates including determining geographical coordinates for nodes of a uniform grid
according to an embodiment of the disclosure.

[030] Figure 18 is a flow chart for a method for assigning geographical
coordinates including characteristic data to nodes of uniform grid according to an
embodiment of the disclosure. |

[031] - Figure 19 is a flow chart for a method for assigning geographical
coordinates for calibration data for each of one or more calibration points in a geographic
region according to an embodimént of the disclosure.

[032] Figure 20 is a block diagram for a system for assigning geogfaphical
coordinates according to an embodiment of the disclosure.

[033] Figure 21 is a block diagram for a system for assigning geographical
coordinates including a determination of clustering of plural data vectors according to an -
embodiment of the disclosure.

| [034] Figure 22 is a block diagram for a system for assigning geographical
coordinates including comparing clusters of data vectors from different calibration points

according to an embodiment of the disclosure.
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[035] Figure 23 is a block diagram for a system er assigning geographical
coordinates including comparing clusters of data vectors from the same calibration point
according to an embodiment of the disclosure.

[036] Figure 24 is a block diagram for a system for assigning geographical
coordinates including calibration data according to an embodiment of the disclosure.

[037] Figure 25 is a block diagram for a system for assigning geographical
coordinates including evaluating calibration data according to an embodiment of the
disclosure.

[038] Fignre 26 is a block diagram for a systern for assigning geographical
coordinates including information for populéting a database according to an efnbodiment
of the disclosure.

[039] Figure 27 is a block diagram for a system for assigning geographical |
coordinates including circuitry for determining geographical ‘co'ordinates for‘nodes ofa
uniform grid according to an embodiment of the disclosure.

[040] . Figure 28 is a blnck diagram for a system fof assigning geographical .

coordinates including characteristic data according to an embodiment of the disclosure.

Detailed Description

[041] With reference to the Figures where generally like elements have
been given like numerical designations to facilitate an understanding of the present

subject matter, the various embodiments of a system and method for assigning
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geographical coordinates to a grid point in a geographic region for the location of a
mobile device are herein described.

[042] The present disclosure is directed generally to the problem of
estimating the location of a wireless mobile device using calibration data contained in
one or more Network Measurement Reports (“NMRS”). The calibration data for various
points must be gathered and analyzed so that particular points (e.g., “grid points”) within
the geographic region can be determined and associated with a particular set or sets of
calibration data from, for example, one or more NMRs. In order to do so geographic
coordinates may be assigned to grid points located in a geographic region. The grid
points may bé non-uniformly spaced throughout the geographic region and hence may be
referred to as non-uniform grid points (“NUGs”). The location of a wireless mobile
device may be estimated by comparing data reported by the mobile device to be
geolocated with the data, and more particularly the characteristics derived from the data,
associated with the various grid points to thereby estimate the location of the mobile.

[043] The system and/or method of the present disclosure may apply to the
situation where calibration data is available over discrete points in a 2-dimensional region
“R” (3-D region is also contemplated such as within large multi-level structures). The
calibration data may be contained within a Network Meaéurement Report (“NMR?”) as is
known in the art or the calibration data may be obtained using other known methods.

The calibration data may be obtained at each of several calibration points, which may be
dis,crete points within region R each having geographical coordinates (e.g., latitude and

longitude) associated therewith. The calibration data may include, but is not limited to,

11

DM211340934.1

Page 328 of 493



WO 2008/097505 PCT/US2008/001446

the following: (a) signal strengths observed for signals transmitted by a set of transmitters
of known location within or in proximity to the region R; (b) signal strength of a
transmitter located at the calibration point as measured by a set of receivers of known
location within or in proximity to the region R; (c) round trip time for a signal between
the calibration point and an external known point; (d) time difference of arrival at the
calibration point with respect pairs of external points located within or in proximity to
region R as measured by either a receiver at the calibration point or the external points;
(e) the serving cell or sector for a mobile V\;ireless device operating at that calibration
point; (f) the network state at the time of collection — a finite number of such states may '
be required to disfinguish between network conditions that vary diurnally, weekly or in
“some other manner; and (g) combinations of the above.

[044] As a non-limiting example, the case in (a) may apply to the
Integrated Digital Enhanced Network (“IDEN”) specification, (¢) may apply to the
Global System for Mobile communications (“GSM?”) specification as in the Timing
Advance (“TA”) parameter or the Round Trip Time (“RTT”) parameter in the Universal
Mobile Telecommunications System (“UMTS”) specification, (d) may -apply to the
UMTS specification, while the external receivers may be thé base stations. In general,
the calibration data may be any of those measurements made by a mobile wireless device
located at the calibration point or any measurement made on the transmissions or
characteristics of the mobile wireless device at a set of external transmitter/receivers in

the region R or in proximity thereto.
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[045] The calibration data may consist of niany such sets (i.e., vectors)
obtained at one or more calibration points. At each calibration point, the data gathering
may have resulted in either a singie, data vector or multiple data vectors, so that there are
potentially multiple sets of data and/or data vectors associatéd with each calibration
point.

[046] A NUG gehefator or a method to produce NUGs may begin the
NUG generation operation using, for egample, one of more of the following: (a) é fixed
uniform grid (“UG”) defined over the region R with thé calibration point data being
assigned to the fixed grid points by some rule (e.g., allocated by closest fixed grid point, a
centroid of a set of fixed grid points, etc.); (b) random grid points to define the start of
each NUG; (c) combinations of (a) and (b) depending on the characteristics of the
calibration data; or (d) some other useful method.

[047] In any of these cases, the NUG generator may evaluate the data
vectors at a particular (candidate) calibration point, or at a fixed grid point to which the
data vector(s) is/are assigned. This calibration point or grid point may serve as the root
of a first NUG. The root of the NUG may be the calibration data vector that initiates the
creation of that NUG. The vectors may be examined using, for example, increasingly
stringent tests of statistical sufficiency. In particular, a determination may be made as to
‘whether the data vectofs exhibit clustering; If the data exhibits tight clustering, the data
for the next candidate calibration point may be aggregated to the former calibration point |
and the clustering property may be re-evaluated. For ex‘ample, if the second calibration

point also has a cluster but this cluster is sufficiently different than the cluster of the first
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calibration point, a determination may be made that the data for the two considered
calibration points should be allocated to thg roots of separate NUGs. If the aggregate
cluster (i.e., a cluster including data from both the first and second calibration points) is
statistically very similar to either of the first or second clusters (taken independently),
then the data for the two calibration points may be allocated to the same NUG. All
adjacent calibration data points may be similarly evaluated with respect to the first
considered calibration point. Thus one or more of thé adjacent calibration points may
either Wind up having all their data accumulated into a single NUG or, at the other
extreme, each such calibration point may become the root of a separate NUG.

[048] The primary test made to determine the allocation may be one of a
variety of clustering tests, such as, for example, the K-means algorithm. Statistical
sirﬁilarity may be determined by, for example, the probability density function (“pdf”’) of
the data paraméters (e.g., neighboring cell signal levels, timing information, etc.), the
mean and variance of the data parameters, the serving cell/sector, or other functions of
the calibration data. | |

[049] Those measurements or parameter values that do not cluster may be
. referred to as outliers. The performance of a grid-based pattern matching system such as
that disclosed herein is typically dependent on stored received signal levexl measurements
that accurately reflect the leyels that are likely to be reported by ‘the mobile device to be
located. If the drive test data, for example, used to create the RF signal level grid
contains outlier measurements, the statistically consistent value of the signal level will be

distorted. Therefore, the present disclosure also describes a system and method used to
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identify and eliminate outlier signal leyel measurements and timing advance values (or in
general, any parameter within the NMR) during NUG or grid creation so as to improve
the estimate of the mean parameter value.

[050] As a non-limiting example, in a very simple consideration of
clustering one could consider the mean value of a parameter. In this scenario, neighbor
cell control channel signal level measurement outliers could be eliminated as follows: At
each grid point, the average received signal level of a particular control channel signal
may be computed from all of the measurements of that signal assigned to the grid point.
The deviation of each individual measurement from the mean may be computed.
Measurements that devia"te by more than a configurable predetermined threshold from the
mean may be omitted. The average may then be recomputed without the omitted outliers.
In a scenario where there are very few measurements, typically less than five or so, the
origiﬁal mean value will be greatly influenced by any outlier measurements and thus may
falsely identify too many of the measurements as outliers, or fail to détect outliers at all.
For this reason, another parameter is used to only perform the outlier check if there are at
least a minimum number of measurements.

[051] In a more general case, a cluster may be a region in N-dimensional
NMR vector space where there is a sufficient number of such vectors with a mutual
variation such that the mutual variation could be ascribed purely to noise in the
measurement. Thus, for example, if within a few feet of the original measurement, if a
particular parameter is blocked (say by a large structure such as a building) that

parameter would fall out of the original cluster. If sufficient such blocked locations have
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data falling near the original cluster, one may obtain a secondary cluster where the
difference between the first and second cluéters is the large variation in this particular
parameter.'

[052] In addition, if any of the examined sets of data associated with a
calibration poin‘t exhibit more than one cluster, it may be necessary to define one or more
co-located NUGs. Thus, if there are, for example, three well defined clusters associated
with a particular calibration point, these clusters could form the roots of three cq-located
NUGs. The data in these NUGs may grow depending on whether similar clusters can
also be found in adjacent (or cloée) calibration points in which case the similar clusters
may be aggregated to the original NUGs or, if the adjacent clusters are not similar, the
adjacent clusters (or cluster) may form separate root NUGs (or NUG).

[053] Further, if the quantity of data associated V\"ith a particular
calibration point is insufficient to sensibly test for statistical similarity or clustering, data
from adjacent calibration grid points may be accumulated first and the statistical or
. clustering test performed thereafter. Thus, based on the results of the clustering test using
the accumulated data the determination of how one should separate out the data into
NUGs may be made. |

[054] The technique may be repeated until all calibration grid points in the
region R are exhausted. At the end of this process one has divided the region into a
collection of NUGs, where multiple qo-located NUGs may exist. The NUGs may fully
cover the regfon R and each NUG may have statistically similar data accumulated into

itself. The geometrical shape (i.e., the shape defined by the union of locations of
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| cglibration points assigned to the NUG) and the amount of data accumulated into such
NUGs. is seen to be variable since these are determined by the statistical similarity of the
data allocated to a NUG.

[055]) Additionally, we may also'consider the method of generating NUGs
based not on statistical consistency of calibration data, but on other conditions such as (a)
a minimum number of unique neighbors observed in data accumulated from allocated
calibration grid points; (b) a minimum number of data vectors (NMRs); (c) a maximum
and/or minimum NUG radius; (d) a specific set of neighboring cells; (e) a specific set of
neighboring cells with power ordering; or (f) any combination of the above.
Additionally, the method of using statistical consistency or similarity or data clustering
combined with any of these other conditions may be emplloyed.

[056] For each so obtained NUG, a variety of parémeters and functions
may be generated and stored to describe that NUG. These may be termed the NUG
characteristics. The NUG characteristics may be a representation that attempts to capture
the nature and Qériability of the data associated with that NUG in a compact and
representative form. These characteristics may include, but are not limited to, the
following: (a) an ordered list of neighbofing cells; (b) functions defined on the absolute
neighboring cell power levels (e.g., mean, median, k™ morﬁent, cluster-mean, etc.); (c)
functions defined on the rela‘;ive neighboring cell power differences (e.g., mean, median,
k™ moment, cluster-mean, etc.); (d) serving cell/sector; () timing advance parameter (or
equivalent); (f) individual pdf (i.e., probability density function or probability distribution

function) of each neighboring cell power level; (g) joint pdf of neighboring cell power
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levels; (h) mean and variance of neighboring cell power levels; (i)'mobile device
orientation (e.g., indoors, outdoors, direction mobile device is facing (e.g., North, South,
ete.), tilted upwards, azimuth, elevation, etc.); (j) a compact and/or efficient
representation that enables retrieval of the calibration data NMR vectors assigﬁed to this
NUG; (k) the network state as indicated in the calibration data; (1) a conﬁdgnce measure
indicative of the reliability of the calibration data feeding this NUG; and (m) any
combinations of the above.

[057] If a pdfis determined for a NUG, that pdf may be generated using
either the Parzen technique or the method of Gaussian mixtures or some variant thereof.
In addition when a need to specify the variance or covariance exists, that parameter may
be set to a value dependent on the observed variance for a particulgr neighboring cell
power level or the observed covariance matrix for a set of neighboring cell power levels.

[058] The location ascribed to the NUG may be, for example, any internal
point within the NUG. If the NUG contains only a single calibration point, the location
of the NUG may be set as the location of the calibration point. If the NUG encompasses
several calibration points, the location of any one of the calibration points or the centroid
of such calibration points or some other similar measure may be used to define the NUG
location. Also, in the case of multiple co-located NUGs, all such NUGs may have their
assigned location set to the same value.

[059] With reference now to Figure 1, a flow chart is depicted for a
method for assigning geographical coordinates according to an embodiment of the

disclosure. At'block 101, calibration data may be provided for each of one or more
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calibration points in a geographic region. At block 102, for each of the calibration points
calibration data associated with the calibration point is evaluated and a determination is
made as to whether a grid point, such as a NUG, should be defined. Ifis it determined
that a grid point is to be defined, geographical coordinates are assigned to the grid point
so that thelgrid point may be useful in estimating the location of a mobile device.

[060] Figure 2 is a flow chart for a method for assigning geographical
coordinates including a calibration point according to an embodiment of the disclosure.
Blocks 201 and 202 are similar to blocks 101 and 102, respectively. Atblock 213, the
calibration point may be located on a predetermined fixed uniform grid defined over the
geographic region or the calibration point may be randomly located within the ‘geographic
region.

[061] Figure 3 is a flow chart for a method for assigning geographical
coordinates including calibration data according to an embodirﬁent of the disclosure.
Blocks 301 and 302 are similar to blocks 101 and 102, respectively. At block 313, the
calibration data associated with one}or more calibration points may be comprised of
information from a NMR, or the calibration data for a particular calibration point may be
obtained from one or more mobile devices located at or in close proximity to the
calibration point, or the calibration data for a particular calibration point may be obtained
froﬁ a signal transmitted from a mobile device (or devices) located at or in close
proximity to the calibration point where the signal is received by a receiver in or in

proximity to the geographic region.
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[062] Figure 4 is a flow chart for a method for assigning geographical
coordinates including clustering of data according to an embodiment of the disclosure.
Blocks 401 and 402 are similar to blocks 101 and 102, respectively. At block 413, for
one or more of the calibration points the calibration data may include multiple data
vectors and, at block 414, the evaluation of the data vectors may include a determination
of clustering of the multiple daté vectors as described above.

[063] Considering now the flow chart depicted in Figure 5, the flow chart
indicates a method for assigning geographical coordinates including clustering of data
vectors according to an embodiment of 'the disclosure. Blocks 501 and 502 are similar to
blocks 101 and 102, respectively. At block 503, the determination of whether at least one
grid point should be defined based on the evaluation of the calibration data associated
with a calibration point includes a comparison of a first cluster of data vectors from a first
calibration point to a second cluster of data vectors where the second cluster of data
vectors includes the first cluster of data vectors as well as data vectors from a second
calibration point. At block 504, if the comparison in block 503 results in the difference
between the first and second cluster of data vectors being within a predetermined
tolerance value, then the data vectors from the first and second calibration points are
assigned to the same grid point. However, if the comparison is not within tolerance, then
the data vectors from the first calibration point are aséigned to a first grid point and the
data vectors from the second calibration point are assigned to a second grid point.

[064] The flow chart shown in Figure 6 illustrates another methqd for

assigning geographical coordinates including clustering according to an embodiment of
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the disclosure. Here, blocks 601, 602, 603, and 604 are similar to blocks 501, 502, 503,
and 504, respectively. At biock 615 the evaluation of éalibration déta for one or more
calibration points may include determining the clustering of plural data vectors using a
K-means analysis. At block 616 the comparing of clusters of data vectors may include
determining a probability density functipn of an aspect of the data vectors.

[065] | Figure 7 is a flow chart for a method for assigning geographical
coordinates including determining outliers according to an embodiment of the disclosure.
Blocks 701, 702, 713, and 714 are similar to blocks 401, 402, 413? and 414, respectively.
AT block 70'3, a determination of outlier data vectors may be made and the outlier data
vectors may be eliminated from the determination of data vector clustering.

[066] Regarding Figure 8, a flow chart is represented for a method for
assigning geographical coordinates including clustering of data vectors at the same
'ca'libration point according to an embodiment of the disclosure. qucks 801 and 802 are
similar to blocks 101 and 102, respectively. At block 803, the determination if at least
one grid point should be defined based on-the evaluation of calibration data may include
a comparison of a ﬁrst cluster of data vectors associated with a first calibration point to a
second cluster of data vectors associated with the first calibration point. If the result of
the comparison is within a predetermiﬂed tolerance, then the data vectors from the first
and second clusters may be assigned to the same grid point; otherwise, the data vectors
from the first cluster méy be assigned to a first grid pbint while the data vectors from the

second cluster may be assigned to a second grid point.
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1067] Figure 9 is a flow chart illustrating another method for assigning
geographical coordinates including clustéring of data vectors at the same calibration point
according to an embodiment of the disclosure. Here, blocks 901, 902, 903, and 904 are
similar to blocks 801, 802, 803, and 8‘04, respectively. At block 915 the geographical
coordinates assigned to the first and second grid points may be identical.

[068] Directing atténtion now towards Fighre 10, a flow chart is presented
for a method for assigning geographical coordinates to a grid point according to an
embodiment of the aisclosure. Blocks 1001 and 1002 are similar to blocks 101 and 102,
respectively. At block 1013, the geographical coordinates assigned to a first grid pqint :
may be different than the geographical coordinates assigned to a second grid point or the
geographical coordinates assigned to a first grid point may be the same as the
geographical coordinates assigned to a second grid point.

[069] Figure 11 is a flow chart for a method for assigning geographical
coordinates including assigning geographical coordinates to a grid point where only one
calibration point is in a geographic region according to an embodiment of the disclosure.
Blocks 1101 and 1102 are similar to blocks 101 and 102, respectively. At block 1113, if
there is only one calibration point within the geographic region, then the geégraphical
coordinates assigned to a grid point may rgéult in the grid point being located within a
predetermined radius 6f the one calibration point. .Or, the geographical coordinates
assigned to a grid point may be identiéal to the geographical coordinates of the

calibration point.
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[070] Moving now to Figure 12, a flow chart is shown for a method for
assigning geographical coordinates including assigning geograpﬁical coordinates to a grid
point where theré are plural calibration poinfs in a geographic region according to an
embodiment of the disclosure. Blocks 1201 and 1202 are similar to blocks 101 and 102,
respectively. At block 1213, where there are multiple calibration points in the geographic
region, the geographical coordinates assigned to a grid point may result in the grid point
being located within a predetermined radius of a centroid of a polygon formed by
cqnnecting the multiple calibration points.

.[07 1] | Figure 13 is a flow chart for a method for assigning geographical
coordinates including calibration data information according to an embodiment of the
disclosure. Blocks 1301 and 1302 are similar to blocks 101 and 102, respectively. At
block 1313, the calibration data may include one or more of the follbwing: signél
strength for a signal transmitted by a transmitter having a known location as received by
a receiver at a calibration point; signal strength of a signal transmitted by a transmitter
located at a calibration point as réceived by a receiver at a known location; round trip
time for a signal traveling between a calibration point and a known location; timing
advance of a signal recciv¢d by a mobile device at a calibration point; time difference of
arrival of plural signals at a calibration point with respect to a pair of known locations as
measured by a receiver at a calibration point or at the known locations; the identification
of a serving cell dr serving sector of a mobile device located at a calibration point; a state

of a wireless network serving a mobile device, and combinations thereof.
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[072] Figure 14 is a flow chart for a method for assigning geographical
coordinates including evaluating calibration data according to an embodiment of the
disclosure. Blocks 1401 and 1402 are similar to blocks 101 and 102, respectively. At
block 1413, the evaluating of the calibration data asso-ciated with a calibration point may
include an evaluation such as: a minimum number of unique neighboring calibration
points as determined by calibration data of the neighboring calibration points; a minimum
number of data ve.ctors or network measurement reports; a predetermined maximum or
minimum radius from a calibration point; a predetermined set of cells neighboring a cell
serving a mobile device; and combinations thereof,

[073] - Figure 15 is a flow chart for a method for assigning geographical
coordinates including populating a database with the geographical coordinates according
to an embodiment of the disclosure. Blocks 1501 and 1502 are svimilar to blocks 101 and .
102, respectively. At block 1503, a database may be populated with the geographical |
coordinates assigned to the grid points. |

[074] Figure 16 is a flow chart for a method for assigning geographical
coordinates including database information according to an embodiment of the
discldsure. Blocks 1601, 1602, and 1603 are similar to blocks 1501, 1502, and 1503,
respectively. At block 1604, the da;cabase may be populated with information such as: a
list of cells neighboring a cell serving a mobile device; a quantity that is a function of a
power level of one or more cells neighboring a cell serving a mobile device; an identity
of a cell or a sector serving a mobile device; a timing advance parameter; a geographical

orientation of a mobile device; a location of a mobile device; network measurement
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report data vectors; a state of a ﬁetwork serving a mobile device; a confidence measure
indicative of a reliability of the calibration data; andi combinations thereof. |

[075] | Difecting attention now to Figure 17, a flow chart is presented for a
method for assigning geographical coordinates including determining geographical
coordinates for nodes of a uniform grid according to an embodiment of the disclosure.
Blocks 1701 and 1702 are similar to blocks 101 and 102, respectively. At block 1703,
geographical coordinates may be determined for the nodes of a unifonﬁ grid spanning the
geographic region. At block 1704, for each of the grid points, a determination of the
closest node of the uniform grid is made and the characteristic data associated with the
grid point may be assigned to the closest node.

[076] Further, Figure 18 is a flow chart for a method for assigning
geographical coordinates including characteristic dafa to nodes of uniform grid according
to an embodiment of the disclosure. Here, blocks 1801, 1802, 1803, and 1804 are similar
to blocks 1701, 1702, 1703, and 1704, respectively. At block 1805, the characteristic
data may include a list of cells neighboring a cell serving a mobile device; a quantity that
is a function of a power level of one or more cells neighboring a cell serving a mobile
device; an identity of a cell or a seétor serving a mobilé device; a timing advance
parametér; a geographical orientation of a mobile device; a location of a mobile device;
network measurement repoﬁ data vectors; a state of a network serving a mobile device; a
confidence measure indicative of a reliability of the calibration data; and cdmbinations

thereof.
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[077] With reference to Figure 19, a flow chart is illustrated for a method
for assigning geographical coordinates for calibration data for each of one or more
calibration points in a geographic region according to an embodiment of the disclosure.
At block 1901, calibration data may be provided for each of one or more calibration
points in a geographic region. At block 1902, for the calibration data for each of the
calibration points in the geographic region, the calibratiqn data is evaluated and a
determination is made as to whether a grid pbint should be defined based on the
evaluation. Ifis it detemﬁned that a grid point is to be defined, geographical coordinates
are assigned to the grid point so that the grid point may be useful iﬁ estimating the
location of a mobile device.

[078] With attention now directed to Figure 20, a block diagram is
presented that represents a system for assigning geographical coordinates according to an
embodiment of the disclosure. A database 2001 is operatively connected to a processor
2002. The processor 2002 is capable of receiving calibration data for each of one or
more calibration points in a geographic region. The processor 2002 may be programmed,
aé shown in block 2003, to evaluate the calibration data associated with the calibration
points, determine if at least oné grid point should be defined based on the evaluation,
assign geographical coordinates to the one or more grid points, and populate the database
2001 with the geographical coordinates.

[079] Figure 21 is a block diagram for a system for assigning geographical
coordinates including a determination of clustering of plural data vectors according to an

embodiment of the disclosure. The database 2101, the processor 2102, and block 2103
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are similar to the database 2001, the processor 2002, and block 2003, as described above,
respectfully. At block 2114, for each of sglect ones of the calibration points, the
calibration data may include multiple data vectors and the evaluating of the calibration
data may include a determination of clustering} of the multiple data vectors.

[080] Figure 22 is a block diagram for a system for assigning geographical
coordinafes including a comparing clusters of data vectors from different calibration
points according to an embodiment of the disclosure. The database 2201, the processor
2202, block 2203, and block 2214 are similar to the database 2101, the processor 2102,
block 2103, and block 2114, as described above, respectfully. At block 2215, the
determination if at least one grid point should be defined based on the evaluation may
include comparing a first cluster of data vectors from a first one of the select calibration
points fo a second cluster of data vectors, where the second cluster of data vectors may
include the first cluster of data vectors and data vectors from a second one of the select
calibration points. At block 2216, if the result of the comparison is within a
predetermined‘ tolerance, then the data vectors from the first and second calibration points
may be assigned to the same grid point; otherwise, the data vectors from the first
calibration point may be assigned to a first grid pbint and the data vectors from the
second calibration point may be assigned to a second grid point.

[081] Figure 23 is a block diagram for a system for assigning geographical
coordinates including comparing clusters of data vectors from the same calibration point
according to an embodiment of the disclosure. The database 2301, the processor 2302,

block 2303, and block 2314 are similar to the database 2101, the processor 2102, block
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2103, and block 2114, as described above, respectfully. At block 2315, the determination
if at least one grid point should be defined based on the evaluation may include
comparing' a first cluster of data vectorsr from a first one of the select calibration points to
a second cluster of data vectors from the first one of the select calibration points. At
~ block 2316, if the result of the comparison is within a predetermined tolerance, then the
- data vectors from the first and second calibration points may be assigned to the same grid
point; otherwise, the data vectors from the first cluster may be assigned to a first grid
point and the data vectors from the second cluster may be assigned to a second grid point.
[082] Looking now at Figure 24, a block diagram is presented representing

a system for assigning geographical coordinates including calibration data according to
an embodiment of the disclosuré. The database 2401, the procéésor 2402, and block
2403 are similar to the database 2001, the processor-2002, and block 2003, as described
above, respectfully. At block 2414, the calibration data may include: signal strength for
a signal transmitted by a transmitter having a known location as received by a receiver at.
a calibration point; signal strength of a signal transmitted by a transmitter located at a
calibration point as received by a receiver at a known location; round trip time for a
signal traveling between a calibration point and a known location; timing advance of a
signal received by a mobile device at a calibration point; time difference of arrival of
multiple signals at a calibration point with respect to a pair of known locations as
measured by a receiver at a calibration point or at the known locations; the identification
of a serving cell or serving sector of a mobile device located at a calibration point; a state

of a wireless network serving a mobile device, and combinations thereof.
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[083] Figure 25 is a block diagram for a system for assigning geographical
coordinates including evaluating calibration data according to-an embodiment of the
disclosure. The database 2501, the processor 2502, and block 2503 are similar to the
database 2001, the processor 2002, and block 2003, as described above, respectfully. At
block 2514, the evaluation of the associated calibration data may include an evaluation
such as: a minimum number of unique neighboring calibration points as determined by
calibration data of the neighboring calibration points; a minimum number of data vectors
or network measurement reports; a predetermined maximum or minimum radius from a
calibration point; a predetermined set of ;:ells neighboring a cell serving a mobile device;
- and combinations thereof.

[084] Figure 26 is a block diagram for a system for assigning geographical
coordinates including information for populating a database according to an embodiment
of the disclosure. The database 2601 and the processor 2602 are similar to the database

12001 and the processor 2002, as described above, respectfully. At block 2603, the
processor 2602 may be programmed to evaluate the calibration data associated with the
calibration points, determine if at least one grid point should be defined based on the
evaluation, assign geographical coordinates to the one or more grid pointé, populate the
database 2601 with the geographical coordinates, and populate the database 2601 with
informatio‘n which may include: a list of cells neighboring a cell serving a mobile device;
a quantity that is a function of a power level of one or more cells neighboring a cell
serving a mobile device; an identity of a cell or a sector serving a mobile device; a timing

advance parameter; a geographical orientation of a mobile device; a location of a mobile
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device; network measurement report data vectors; a state of a network serving a mobile
device; a confidence measure ir;dicativc ofa reliability of the calibration data; and
combinations thereof.

[085] Figure 27 is a block diagram for a system for assigning geographical
coordinates including circuitry for determining geographical coordinates for nodes of a
uniform grid according to an embodiment of the disclosure. The database 2701, the
processor 2702, and block 2703 are similar to the database 2601, the processor 2602, and
block 2603, as described above, respectfully. The system may further comprise circuitry
2704 for determining geographical coordinates for each of a plurality of nodes of a
unifdrm grid spanning the geographic region, and circuitry 2705 for determining, for each
of the one or more grid points, a closest node from the plurality of nodes of the uniform
grid énd assigning éharacteristic data associated with each of the grid point to its closest
node.

[086] Figure 28 is a block diagram for a system for assigning geographical
coordinates including characteristic data according to an embodiment of the: disclosure.
The database 2801, the processor 2802; block 2803, circuitry 2804, and circuitry 2805 are
similar to the database 2701, the pfocessor 2702, block 2703, circuitry 2704, and circuitry
2705, as described above, respectfully. At block 2816, the characteristic data may |
include: a list of cells neighboring a cell serving a mobile device; a quantity that is a
function of a power level of one or more cells neighboring a cell serving a mobile device;
an identity of a cell or a sector serving a mobile device; a tirr;ing advance parameter; a_

geographical orientation of a mobile device; a location of a mobile device; network
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measurement report data vectors; a state of a network serving a mobile device; a
confidence measure indicative of a reliability of the calibration data; and combinations
thereof.

[087] While preferred embodiments of the present disclosure have been
described, it is to be understood that the embodiments described are illustrative only and
that the scope of the invention is to be defined solely by the appended claims when
accorded a full range of equivalenfs, many variations and modifications naturally

occurring to those of skill in the art from a perusal hereof.
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We Claim:
1. A method of assigning gcographiéal coordinates to a grid point located in a
geographic region for the location of a mobile device, comprising:
(a)  providing calibration data for each of one or more calibration points in the
geographic region; and
"(b)  for each of said calibration points:
(i) evaluating the associated calibration data;
(i)  determining if at least one grid point should be defined based on said
evaluation; and
(iii))  assigning geographical coordinates to said at least one grid point.
2. The method of Claim 1 wherein one of said calibration points is located on
a predetermined fixed uniform grid defined over said region.
3. The method of Claim 1 wherein one of said calibration points is randomly
located within said region.
4, The method of Claim 1 wherein said calibration data comprises inforrﬁation
from a network measurement report.
5. The method of Claim 1 wherein said calibration data for one of said |
calibration points is obtained from one or more mobile devices located in close proximity

to said one calibration point.
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6. The method of Claim 1 wherein said calibration data for one of said
calibration pointg is obtained from a signal transmitted from a mobile device in close
proximity to said one calibration point and received at a receiver in or in proximity to
said region. |

7.  The method of Claim 1 wherein for each of select ones of said calibration
points the calibration data includes plural data vectors and the evalﬁating of said
calibration data compri'sesa. determination of clustering of said plural data vectors.

8. | The method of Claim 7 wherein said determining if at least one grid point
should be defined based on said evaluation includes:

(A) comparing a first cluster of data vectors from a first one of said select
calibration points to a second cluster of data vectors comprising said ﬁrst cluster of data
vectors and data vectors from a second one of said select’calibration points; and

(B) ifsaid comparison is within a predetermined tolerance, assigning said data
vectors from said first and said second calibration points to the same grid point, otherwise
assigning the data vectors 'from said first calibration point to a first grid point and
assigning the data vectors from said second calibration point to a second grid point.

9. The method of Claim 8 wherein said determination of clustering of said
plural data vectors includes a K-means algorithm analysis and wherein said comparing of
a cluster of déta vectors includes detgrmining a probability density function of an aspect
of said data vectors.

10.  The method of Claim 7 further comprising determining outlier data vectors

and eliminating said outliers from said determination of clustering.
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11.  The method of Claim 7 wherein said determining if at least one grid péint
should be defined based on said evaluation includes: |

(A) comparing a first cluster of data vectors from a first one of said select
calibration points to a second cluster of data vectors from said first one of said select
calibration points; and

(B) ifsaid comparison is within a predetermined tolerance, assigning said data
vectors from said first and said second clusters to the same grid point, otherwise
assigning the dafa vectors from said first cluster to a first grid point and assigning the data
vectors from said second cluster to a second grid point.

12.  The method of Claim 11 wherein the geographical coordinates assigned to -
said first and second grid points are identical.

13.  The method of Claim 1 wherein the geographical coordinates assigned to
said at least one grid point are different than the geographical coordinates of any of said
calibration points.

14.  The method of Claim 1 wherein the geographical coordinates assigned to
said at least one grid point are the same as the geographical coordinates of one of said
calibration points.

15.  The method of Claim 1 whereinv only one calibration point is in said
geographic region and the geographical coordinafes assigned to said at least one grid
point result in said at least one grid point being located withiﬁ a predetermined radius of

said one calibration point.

34

DM2\1340934.1

Page 351 of 493



WO 2008/097505 PCT/US2008/001446

16.  The method of Claim 1 wherein only one calibration point is in said
geographic region and the geographical coordinates assigned to said at least one grid
point are identical to geographic coordinates of said one calibration point,.

17. The method of Claim 1 wherein plural calibration points are in said
geographic region and wherein the geographical coordinates assigned to said at least one
grid point result in said at least one grid point being located within a predetermined
radius of a geographic centroid determined from geogr.aphic coordinates of said plural
calibration points.

18.  The method of Claim 1 wherein said calibration data is selected from the
group consisting of: signal strength for a signal transmitted by a transmitter having a
known location as received by a receiver at said calibration point; signal strength of a
signal transmitted by a transmitter located at said calibration point as received by a
receiver at a known location; round trip time for a signal traveling between said
calibration point and a known location; fiming advance of a signal received by said
mobile device at said calibration point; time difference of arrival of plural signals at said
calibration point with respect to a pair of known locatidns as measured by a receiver at
said calibration point or at said known locations; the identification of a serving cell or
serving sector of said mobile device located at said calibration point; a .state of a wireless

network serving said mobile device, and combinations thereof.
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19.  The method of Claim 1 wherein said evaluating the associated calibratioh
data includes an evaluation selected from the group consisting of: a minimum number of
unique neighboring calibration points as determined by calibration data of said
neighboring calibration points; a minimum number of data vectors or network -
measurement reports; a‘predetermined maximum or minimum radius from said
calibration point; a predetermined set of cells neighboring a cell serving said mbbile
device; and combinations thereof.

20.  The method of Claim 1 fu;'ther comprising populating a database with said
geographical coordinates.

21.  The method of Claim 20 further comprising populating said database with
information selected from the group consisting of: a list of cells neighboring a cell
serving said mobile device; a quantity that is a function of a power level of one or more
cells neighboring a cell serving said mobile device; an identity of a cell or a sector
serving said mobile device; a timing aldvance parameter; a geographical orientation of
said mobile device; a location of said mobile device; network measurement report data
vectors; a state of a network serving said mobile device; a confidence measure indicative

of a reliability of the calibration data; and combinations thereof.
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22.  The method of Claim 1 further comprising:
(;:) determining geographical coordinates for each of a plurality of nodes of a
uniform grid spanning said geographic region; and /

(d)  for each of said at least one grid point:

(i)‘ determining a closest node from said plurality of nodes; and
(ii)  assigning characteristic data associated with said grid point to said
closest node.-

23.  The method of Claim 22 wherein said characteristic data comprises data
selected from the group consisting of: a list of cells neighboring a cell serving said
mobile device; a quantity that is a function of a power level of one or more cells
neighboring a cell serving said mobile deviceA; an identity of a cell or a sector serving said
mobile device; a timing advance parameter; a geographical orientation of said mobile
device; a location of said mobile device; network measurement report data vectors; a.

state of a network serving said mobile device; a confidence measure indicative of a

reliability of the calibration data; and combinations thereof.
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24. A method of assigning geographical coordinates to a grid point located in a
geographic region for the location of a mobile device, comprising:
(a)  providing calibration data for each of one or more calibration points in the
geographic region; and
(b)  for the calibration data associated with each of said calibration points:
(i) evaluating the associated calibration data;
(ii)  determining if at least one grid point should be defined based on said
evaluation; and
(ili)  assigning geographical coordinates to said at least one grid point.
25. A system for assigning geographical coordinates to a grid point located in a
geographic region, comprising:
a database; and
a processor for receiving calibration data for each of one or more calibratioﬁ
points in said gcographic region and for each of said calibration points said processor is
programmed to: |
~ evaluate the associated calibration data;
determine if at least one grid point should be defined based on said evaluaﬁon;
assign geographical coordinates to said at least one gfid point; and
populate said database with said geographical coordinates.
26. The systém of Claim 25 wherein one of said calibration poinis is located on

a predetermined fixed uniform grid defined over said region.
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27.  The system of Claim 25 wherein one of said calibration points is randomly
located within said region.

28.  The system of Claim 25 wherein said calibration data comprises
information from a network measurement report.

29.  The system of Claim 25 wherein said calibration data for one of said
calibration points is obtained from one or more mobile devices located in close proximity
to said one calibration point.

30.  The system of Claim 25 wherein said calibrétion data for one of said
calibration points is obtained from a signal transmitted from a mobile device in close
proximity to said one calibration point and received at a receiver in or in proximity to
said region.

| 31. The sy'stem of Claim 25 wherein for each of select ones of said calibration
points the calibration data includes plural data vectors and the evaluating of said

calibration data comprises a determination of clustering of said plural data vectors.
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32.  The system of Clai~m 31 wherein said determining if at least one grid point
should be defined based on said evaluation includes: |

(A)  comparing a first cluster of data vectors from a first one of said select
calibration points to a second cluster of data vectors comprising séid first cluster of data
vector\s and data vectors from a second one of said select calibration points; and

(B) if said comparison is within a predetermined tolerance, assigning said data
vectors fré,m said‘ first and said second calibration points to the same grid point, otherwise
assigning the data :vectors from said first calibration point to a first grid point and
assigning the data vectors from said second célibration point td a second grid point.

33.  The system of Claim 32 wherein said determination of clustering of said
plural data vectors includes a K-means algorithm analysis and wherein said comparing of
a cluster of data Qec‘;ors includes determining a probability density function of an aspect
of said data vectors.

34.  The system of Claim 31 wherein said processor is further programmed to
determine outlier data vectors and eliminating said outliers from said determination of

clustering.
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35.  The system of Claim 31 wherein said determining if at least one grid point
should be defined based on said evaluétion includes:

(A) comparing a first cluster of data vectors from a first one of said select
calibration points to a second cluster of data vectors from said first one of said select
calibration points; and |

B) | if said comparison is within a predetermined tolerance, assigning said data -
vectors from said first and said second clusters to the same grid point, otherwise
assigning the data vectofs from said first cluster t‘o a first grid point and assigning the data
vec.tors from said second cluster to a second grid point.

36.  The system of Claim 35 wherein the geographical coordinates assigned to
said first and second grid points are identical. |

| 37.  The system of Claim 25 wherein the géographical coordinates assigned to
said at'least one grid point are different than the geographical coordinates of any of said
calibration points.

38.  The system of Claim 25 wherein the geographical coordinates assigried to
said at least one grid point are the same as the geographical coordinates of one of said
calibration points. .

39.  The system of Claim 25 wherein only one calibration point is in said
- geographic region and the geographical coordinates assigned to said at least one grid
point result in said at least one grid pdint being located within a predetermined radius of

said one calibration point.
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40.  The system of Claim 25 wherein only one calibration point is in said
geographic region and the geographical coordinates assigned to said at least one grid
point are identical to geographic coordinates of said one calibration point.

41.  The system of Claim 25 wherein plural calibration points are in said
geographic region and wherein the geographical coordinates assigned to said at ieast one
grid point result in said at least one grid point being located within a predetermined
radius of a geographic centroid determined from geographic coordinates of said plural
calibration points.

42.  The system of Claim 25 wherein said calibration data is selected from the
group consisting of: signal strength for a signal transmitted by a transmitter having a
known location és received by a receiver at said calibration point; signal strength of a
signal transmitted by a transmitter located at said calibration point as received by a
receiver at a known location; round trip time for a signal traveling between said
calibration point and a known location; timing advance of a signal received by said
mobile device at said calibration point; time difference of arrival of plural signals at said
calibration point with respect to a pair of known locations as measuréd by a receiver ét
said calibration point or at said known locations; the identification of a serving cell or
serving sector of said mobile device located at said calibration point; a state of a wireless

network serving said mobile device, and combinations thereof.
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43,  The system of Claim 25 wherein said evaluating the associated calibration
data includes an evaluation selected from the group consisting of: a minimum number of
unique neighboring calibration points as determined by caliBration data of said
neighboring calibration points; a minimum number of data vectors or network
measurement reports; a predetermined maximum or minimum radius from said
calibration point; a predetermined set of cells neighboring a cell serving said mobile
device; and combinations thereof.

44,  The system of Claim 25 wherein said processor is further programmed to
populate said database with information selected from the group consisting of: a list of
cells neighboring a cell serving said mobile device; a quantity that is a function of a
power level of one or more cells neighboring a cell serving said mobile device; an
identity of a cell or a sector serving said mobile device; a timing advance parameter; a
geographical orientation of said mobile device; a location of said mobile device; network
measurement report data vectors; a state of a network serving said mobile device; a
confidence measure indicative of a rgliability of the calibration data; and combinations
thereof.

45.  The system of Claim 25 further comprising: .
circuitry for determining geographical coordinates for each of a plurality of nodes

of a uniform grid spanning said geographic region; and
circuitry for determining, for each of said at least one grid point, a closest node

from said plurality of nodes and assigning characteristic data associated

with said grid point to said closest node.
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46.  The system of Claim 45 wherein said characteristic data comprises data
selected from the group consisting of: a list of cells neighboring a cell serving said
mobile device; a quantity that is a function of a power level of one or more cells
neighboring a cell serving said mobile device; an identity of a cell or a sector serving said
mobile device; a timing advance parameter; a geographical orientation of said mobile
device; a location of said mobile device; network measurement report data vectors; a
.state ofa networi( serving said mobile device; a confidence measure indicative of a

reliability of the calibration data; and combinations thereof,

44
Page 361 of 493

DM2\1340934.1



PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

101

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA,

(b) DETERMINE IF GRID POINT
' SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

FIGURE 1

Page 362 of 493

102

8¢/1

$0SL60/800T OM

9r¥100/800TS)/LDd



201

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR

MORE CALIBRATION POINTS
IN A GEOGRAPHIC REGION

Y

CAL. PT. MAY BE:

(a) LOCATED ON
PREDETERMINED FIXED

UNIFORM GRID IN REGION;

(b) RANDOMLY LOCATED IN
REGION

202

FOR EACH CALIBRATION POINT:

(a)

(b)

(c)

EVALUATE ASSOCIATED
CALIBRATION DATA,;

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

FIGURE 2

Page 363 of 493

213

8¢/C

S0SL60/800T OA

9r¥100/800TSN)/1Dd



301

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR

MORE CALIBRATION POINTS
IN A GEOGRAPHIC REGION

Y

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION,;

(c) ASSIGN.GEOGRAPHICAL
COORDINATES TO GRID POINT

CAL. DATA MAY:
(a) COMPRISE INFORMATION FROM A NMR;

(b) BE OBTAINED FROM ONE OR MORE MOBILE DEVICES

LOCATED IN CLOSE PROXIMITY TO CAL. PT;
(c) BE OBTAINED FROM A SIGNAL XMTD FROM.MOBILE

DEVICE IN CLOSE PROXIMITY TO CAL. PT. AND RCVD

AT RCVR IN OR IN PROXIMITY TO REGION

302

FIGURE 3

Page 364 of 493

313

3¢/€

S0SL60/800T OM

9r¥100/8007S0/LDd



401

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR

413

MORE CALIBRATION POINTS
.IN A GEOGRAPHIC REGION

Y

CAL. DATA MAY INCLUDE
PLURAL DATA VECTORS

FOR EACH CALIBRATION POINT:

(@) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

EVALUATION OF CAL. DATA
MAY INCLUDE
DETERMINATION OF
CLUSTERING OF PLURAL
DATA VECTORS

402

FIGURE 4

Page 365 of 493

414

8¢/Y

S0SL60/8007 OM

9¥¥100/8007S0/LDd



501

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
' SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

502

FIGURE 5

Page 366 of 493

503

A 4

COMPARE 15T CLUSTER OF
DATA VECTORS FROM 157
CAL. PT. TO 2N° CLUSTER OF
DATA VECTORS INCLUDING
15T CLUSTER OF DATA
VECTORS AND DATA
VECTORS FROM 2NP CAL. PT.

A 4

IF COMPARISON WITHIN
TOLERANCE, ASSIGN DATA
VECTORS FROM 15T AND 2NP
CAL. PTS. TO SAME GRID
PT.; OTHERWISE ASSIGN
DATA VECTORS FROM 15T
CAL. PT. TO 15T GRID PT.
AND DATA VECTORS FROM
2ND CAL. PT. TO 2N° GRID PT.

504

8¢/S

S05L60/800T OM

9¥+100/800CSN1/LDd



602

FOR EACH CALIBRATION POINT: 615
601

PROVIDE CALIBRATION - CALIBRATION DATA; DATA MAY INCLUDE

DATA FOR EACH OF ONE OR (b) DETERMINE IF GRID POINT’ DETERMINATION OF
MORE CALIBRATION POINTS - SHOULD BE DEFINED BASED ‘ CLUSTERING OF PLURAL
IN A GEOGRAPHIC REGION ON THE EVALUATION; DATA VECTORS USING A

K-MEANS ANALYSIS

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

603

A

604
IF COMPARISON WITHIN

COMPARE 15T CLUSTER OF
DATA VECTORS FROM 187
CAL. PT. TO 2N° CLUSTER OF
DATA VECTORS INCLUDING
15T CLUSTER OF DATA
VECTORS AND DATA
VECTORS FROM 2N CAL. PT.

TOLERANCE, ASSIGN DATA
VECTORS FROM 1ST AND 2ND
CAL. PTS. TO SAME GRID
PT.; OTHERWISE ASSIGN
DATA VECTORS FROM 15T
CAL. PT. TO 15T GRID PT.
AND DATA VECTORS FROM

8¢/9

A

616

2ND CAL. PT. TO 2ND GRID PT.

CLUSTER COMPARISON
INCLUDES DETERMINING
PDF OF ASPECT OF DATA

VECTORS

FIGURE 6

Page 367 of 493

S0SL60/800T OM

9r$100/800TSN/LOd



702

701

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR

713

MORE CALIBRATION POINTS
IN A GEOGRAPHIC REGION

A 4

FOR EACH CALIBRATION POINT:

(@) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT .

CAL. DATA MAY INCLUDE
PLURAL DATA VECTORS

SHOULD BE DEFINED BASED
ON THE EVALUATION,;

() ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

A

703 | DETERMINE OUTLIER DATA
VECTORS AND ELIMINATE
OUTLIERS FROM
DETERMINATION OF
CLUSTERING

FIGURE 7

Page 368 of 493

EVALUATION OF CAL. DATA
MAY INCLUDE
DETERMINATION OF
CLUSTERING OF PLURAL
. DATA VECTORS

714

- 8TU/L

S0SL60/800T OM

9P¥P100/800TS1/LOd



801

"PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

FOR EACH CALIBRATION POINT:

(@) EVALUATE ASSOCIATED
~ CALIBRATION DATA:

(b) DETERMINE IF GRID POINT

SHOULD BE DEFINED BASED

ON THE EVALUATION;
(c) ASSIGN GEOGRAPHICAL

COORDINATES TO GRID POINT

. 802

FIGURE 8

Page 369 of 493

] 803

COMPARE 15T CLUSTER OF
DATA VECTORS FROM 18T
CAL. PT. TO 2NP CLUSTER
OF DATA VECTORS FROM

15T CAL. PT.

y

IF COMPARISON WITHIN
TOLERANCE, ASSIGN DATA
VECTORS FROM 15T AND 2NP

CLUSTERS TO SAME GRID
PT., OTHERWISE ASSIGN
DATA VECTORS FROM 157
CLUSTER TO 15T GRID PT.

AND DATA VECTORS FROM

2ND CLUSTER TO 2NP GRID PT.
804

8¢/8

S0SL60/800T OM

9¥¥100/800CSN/LOd



901

PROVIDE CALIBRATION -
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

902

FOR EACH CALIBRATION POINT:

(@) EVALUATE ASSOCIATED
CALIBRATION DATA:

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION; -

" () ASSIGN GEOGRAPHICAL

COORDINATES TO GRID POINT

COMPARE 15T CLUSTER OF
DATA VECTORS FROM 157

GEOGRAPHICAL
COORDINATES OF 15T
AND 2NP GRID PTS. MAY
BE IDENTICAL

915

FIGURE 9

Page 370 of 493

A

CAL. PT. TO 2NP CLUSTER
OF DATA VECTORS FROM
1ST CAL. PT.

h 4

903

IF COMPARISON WITHIN
TOLERANCE, ASSIGN DATA
VECTORS FROM 1ST AND 2ND
CLUSTERS TO SAME GRID
PT.; OTHERWISE ASSIGN
DATA VECTORS FROM 157
CLUSTER TO 15T GRID PT.
AND DATA VECTORS FROM

904

2ND CLUSTER TO 2NP GRID PT.

8C/6

S0SL60/800T OM

9rr100/800TS1/LId



1001

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

1002

FOR EACH CALIBRATION POINT:

(a)

(b)

()

EVALUATE ASSOCIATED
CALIBRATION DATA,

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1013

GEOGRAPHICAL COORDINATES
ASSIGNED TO GRID PT.:

(@) MAY BE DIFFERENT THAN

GEOGRAPHICAL COORDINATES
OF ANY CAL. PTS,; '

(b) MAY BE THE SAME AS
- GEOGRAPHICAL COORDINATES
OF ONE OF CAL. PTS.

FIGURE 10

Page 371 of 493

8¢/01

S0SL60/800T OM

9rr1I00/800TSA/LDd



1101

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A 4

‘FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT .
SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1113

1102

ONLY ONE CAL. PT. IN REGION AND EITHER:

(a) GEOGRAPHICAL COORDINATES
ASSIGNED TO GRID PT. RESULTS IN GRID
PT. LOCATED WITHIN PREDETERMINED
RADIUS OF CAL. PT.

(b) GEOGRAPHICAL COORDINATES
ASSIGNED TO GRID PT. ARE IDENTICAL
TO GEOGRAPHICAL COORDINATES OF
CAL. PT.

FIGURE 11

Page 372 of 493

¢TI

9r¥100/8007SN/LDd

S0SL60/800T OM



1201

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

FOR EACH CALIBRATION POINT:

(@) EVALUATE ASSOCIATED
CALIBRATION DATA,;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION,;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1213

1202

FIGURE 12

Page 373 of 493

PLURAL CAL. PTS. IN REGION AND
GEOGRAPHICAL COORDINATES
ASSIGNED TO GRID PT. RESULTS
IN GRID PT. LOCATED WITHIN
PREDETERMINED RADIUS OF
GEOGRAPHIC CENTROID OF
PLURAL CAL. PTS.

8¢/Cl

S0SL60/800T OM

9¥100/800TSN/LDd



1301

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE {F GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

-{(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1313

1302

FIGURE 13

Page 374 of 493

CAL. DATA MAY INCLUDE ONE OR
MORE OF :SIGNAL STRENGTH,
ROUND TRIP TIME, TIMING ADVANCE,
TIME DIFFERENCE OF ARRIVAL,
SERVING CELL ID, SERVING SECTOR
ID, NETWORK STATE

8¢/el

S0SL60/800T OM

9¥+100/8007S1/LDd



1401

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

h 4

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1413

1402

FIGURE 14

Page 375 of 493

EVALUATING CAL. DATA MAY INCLUDE
EVALUATING ONE OR MORE OF A MIN
NUMBER OF CAL. PTS., MIN NUMBER
OF DATA VECTORS, MAX OR MIN
RADIUS FROM A CAL. PT., SET OF
NEIGHBORING CELLS

Ul

S0SL60/800T OM

9¥¥100/8007SN/LDd



PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

Y

1501

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION,;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

1502

h 4

POPULATE A DATABASE
WITH THE GEOGRAPHICAL
COORDINATES

FIGURE 15

Page 376 of 493

1603

8¢/ST

€0SL60/800T OM

9rP100/800TS0/LDd



1602

1601

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

FOR EACH CALIBRATION POINT:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

h 4

POPULATE A DATABASE
WITH THE GEOGRAPHICAL
COORDINATES

1603

FIGURE 16

POPULATE THE DATABASE WITH
INFORMATION WHICH MAY
INCLUDE: LIST OF NEIGHBORING
CELLS, A QUANTITY THAT IS A
FUNCTION OF POWER OF A

NEIGHBORING CELL, SERVING

CELL ID, SERVING SECTOR ID,
TIMING ADVANCE, ORIENTATION
OF MOBILE DEVICE, LOCATION
OF MOBILE DEVICE, NETWORK
MEASUREMENT REPORT DATA
VECTORS, NETWORK STATE,
CONFIDENCE MEASURE OF
RELIABILITY OF CAL. DATA

1604

Page 377 of 493

8¢/91

S0SL60/800T OM

9¥v$100/8002SN/LOd



1701

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

L 4

DETERMINE GEOGRAPHICAL
COORDINATES FOR NODES
OF UNIFORM GRID

1702

FOR EACH CALIBRATION POINT:

(a)

(b)

(¢)

EVALUATE ASSOCIATED
CALIBRATION DATA;

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

A

1703

(a)
(b)

FOR GRID PTS.:

DETERMINE CLOSEST NODE;

ASSIGN CHARACTERISTIC
DATA ASSOCIATED WITH
GRID PT. TO CLOSEST NODE

1704

FIGURE 17

Page 378 of 493

8C/LT

S0SL60/800T OM

9¥¥100/800TS1/1LDd



1801

PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

A

A

DETERMINE GEOGRAPHICAL
COORDINATES FOR NODES
OF UNIFORM GRID

4

1803

FOR GRID PTS.:
(a) DETERMINE CLOSEST NODE;

1802

FOR EACH CALIBRATION POINT:

(@

(b)

©

EVALUATE ASSOCIATED °
CALIBRATION DATA:

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION: .

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

(b) ASSIGN CHARACTERISTIC
DATA ASSOCIATED WITH
GRID PT. TO CLOSEST NODE

1804

v

CHARACTERISTIC DATA MAY
INCLUDE: LIST OF NEIGHBORING
CELLS, A QUANTITY THAT IS A
‘FUNCTION OF POWER OF A
NEIGHBORING CELL, SERVING

CELL ID, SERVING SECTORID,

TIMING ADVANCE, ORIENTATION
OF MOBILE DEVICE, LOCATION
OF MOBILE DEVICE, NETWORK
MEASUREMENT REPORT DATA

VECTORS, NETWORK STATE,
CONFIDENCE MEASURE OF
RELIABILITY OF CAL. DATA

1805

FIGURE 18

Page 379 of 493

8¢/81

S0SL60/800T OM

9P¥100/800TS/LDd



PROVIDE CALIBRATION
DATA FOR EACH OF ONE OR
MORE CALIBRATION POINTS

IN A GEOGRAPHIC REGION

h 4

1901

FOR THE CALIBRATION DATA
ASSOCIATED WITH EACH
CALIBRATION POINT:

(a) - EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED
ON THE EVALUATION,;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

FIGURE 19

Page 380 of 493

1902

3C/61

S0SL60/800T OM

9¥Y100/8007SN/LDd



2001

DATABASE

CALIBRATION DATA

2002

PROCESSOR

FOR EACH CALIBRATION POINT,
PROGRAMMED TO:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA,;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

(d) POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES -

FIGURE 20

Page 381 of 493

2003

8¢/0C

S0SL60/800T OM

9¥100/800TSN/LId



2101

DATABASE

CALIBRATION DATA

2102

A

> PROCESSOR

(d)

FOR EACH CALIBRATION POINT,
PROGRAMMED TO:

EVALUATE ASSOCIATED

CALIBRATION DATA; -

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

POPULATE DATABASE WITH

GEOGRAPHICAL COORDINATES -

’

FIGURE 21

Page 382 of 493

2103

EVALUATION OF CAL. DATA
MAY INCLUDE
DETERMINATION OF
CLUSTERING OF PLURAL
DATA VECTORS

2114

3¢U/1TC

S0SL60/800T OM

9r¥100/800TSN/LDd



CALIBRATION DATA

2201 | 2202
DATABASE « > PROCESSOR
- 2203
FOR EACH CALIBRATION POINT,
PROGRAMMED TO: EVALUATION OF CAL. DATA
mmmmmmmmT T TT TR § MAY INCLUDE
~“| (@) EVALUATE ASSOCIATED T———  DETERMINATION OF
[m----.GALIBRATION DATA; _..-- - CLUSTERING OF PLURAL
|46y "DETERMINE IF GRID POINT ~™"~--_| DATA VECTORS
— SHOULD BE DEFINED BASED ON | ‘
“---..THE EVALUATION; . 2214

COORD

(c) ASSIGN GEOGRAPHICAL

(d) POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

INATES TO GRID POINT

COMPARE 15T CLUSTER OF DATA
VECTORS FROM 15T CAL. PT. TO 2ND
CLUSTER OF DATA VECTORS
INCLUDING 15T CLUSTER OF DATA
VECTORS AND DATA VECTORS FROM
2ND CAL. PT.

IF COMPARISON WITHIN TOLERANCE,
ASSIGN DATA VECTORS FROM 15T AND
2ND CAL. PTS. TO SAME GRID PT;
OTHERWISE ASSIGN DATA VECTORS
FROM 15T CAL. PT. TO 157 GRID PT.
AND DATA VECTORS FROM 2NP CAL.
PT. TO 2NP GRID PT.

2215

2216

'FIGURE 22

Page 383 of 493

8¢/CC

S0SL60/800T OM

9¥100/8007S(1/LDd



CALIBRATION DATA

2301 | 2302
DATABASE p >/  PROCESSOR
2303
FoR EAC'E:’R?GLRI BARAMJ{SDNT%C.)'NT’ EVALUATION OF CAL. DATA
JEUSUSREESS ~AMMED T S MAY INCLUDE
1"(a) EVALUATE ASSOCIATED T DETERMINATION OF
“1----_GALIBRATION DATA; .- - CLUSTERING OF PLURAL
| {6y "DETERMINE IF GRID POINT ~~™--|_ DATA VECTORS

()

(d)

--THE EVALUATION; ___ __.--- | 2314

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

COMPARE 15T CLUSTER OF
DATA VECTORS FROM 15T
CAL. PT. TO 2NP CLUSTER
OF DATA VECTORS FROM

1ST CAL. PT. '

IF COMPARISON WITHIN TOLERANCE, ASSIGN DATA
VECTORS FROM 15T AND 2NP CLUSTERS TO SAME
GRID PT.; OTHERWISE ASSIGN DATA VECTORS FROM
1ST CLUSTER TO 15T GRID PT. AND DATA VECTORS
FROM 2NP CLUSTER TO 2"° GRID PT.

2315

2316

FIGURE 23

Page 384 of 493

8¢/eC

S0SL60/800T OM

9Y¥100/800TSN/LDd



2401

DATABASE

CALIBRATION DATA

2402

y

PROCESSOR

A

FOR EACH CALIBRATION POINT,

(d)

PROGRAMMED TO:

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

2403

FIGURE 24

Page 385 of 493

CAL. DATA MAY INCLUDE ONE OR
MORE OF :SIGNAL STRENGTH,
ROUND TRIP TIME, TIMING ADVANCE,
TIME DIFFERENCE OF ARRIVAL,
SERVING CELL ID, SERVING SECTOR
ID, NETWORK STATE

2414

8TT

S0SL60/800T OM

9¥¥100/8007SN/LDd



2501

DATABASE

CALIBRATION DATA

2502

y

A

PROCESSOR

\

FOR EACH CALIBRATION POINT,

(c)

(d)

PROGRAMMED TO:

- ———

2
>
—
5
...l
m
>
%)
®
e
o
2
m
v

DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

2503

FIGURE 25

Page 386 of 493

EVALUATING CAL. DATA MAY INCLUDE
EVALUATING ONE OR MORE OF A MIN
NUMBER OF CAL. PTS., MIN NUMBER
OF DATA VECTORS, MAX OR MIN
RADIUS FROM A CAL. PT., SET OF
NEIGHBORING CELLS

2514

8¢/ST

S0SL60/800T OM

9¥100/800TSN/LDd



2601

DATABASE

CALIBRATION DATA

2602

y

PROCESSOR

FOR EACH CALIBRATION POINT,
PROGRAMMED TO:

(a) EVALUATE ASSOCIATED

CALIBRATION DATA,;
(b) DETERMINE IF GRID POINT

SHOULD BE DEFINED BASED ON

THE EVALUATION,;
(c) ASSIGN GEOGRAPHICAL

COORDINATES TO GRID POINT

(d) POPULATE DATABASE WITH

GEOGRAPHICAL COORDINATES

“{e) POPULATE DATABASE WITH

INFORMATION

/

FIGURE 26

Page 387 of 493

INFORMATION MAY INCLUDE:
LIST OF NEIGHBORING CELLS, A
QUANTITY THAT IS A FUNCTION
OF POWER OF A NEIGHBORING

CELL, SERVING CELL ID, SERVING
SECTOR ID, TIMING ADVANCE,
ORIENTATION OF MOBILE
DEVICE, LOCATION OF MOBILE
DEVICE, NETWORK
MEASUREMENT REPORT DATA
VECTORS, NETWORK STATE,
CONFIDENCE MEASURE OF
RELIABILITY OF CAL. DATA

2614

8¢/9¢C
9v$100/800TSN/LOd

€0SL60/800T OM



2701

DATABASE

CALIBRATION DATA

| 2702

2704

A

A

A

PROCESSOR

FOR EACH CALIBRATION POINT,
PROGRAMMED TO:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL
COORDINATES TO GRID POINT

(d) POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

(e) POPULATE DATABASE WITH
INFORMATION

2703

FIGURE 27

Page 388 of 493

Y

GEOGRAPHICAL COORDINATES

CIRCUITRY FOR DETERMINING

FOR NODES OF UNIFORM GRID

4

h

CIRCUITRY FOR DETERMINING FOR

(a)
(b)

GRID PTS.:
DETERMINING CLOSEST NODE;

ASSIGNING CHARACTERISTIC
DATA ASSOCIATED WITH GRID
PT. TO CLOSEST NODE

2705

8C/LC

S0SL60/800T OM

9P¥100/800CS/LDd



2801

DATABASE

CALIBRATION DATA

l 2802

<+ PROCESSOR <

2804

CIRCUITRY FOR DETERMINING

A

FOR EACH CALIBRATION POINT,
PROGRAMMED TO:

(a) EVALUATE ASSOCIATED
CALIBRATION DATA;

(b) DETERMINE IF GRID POINT
SHOULD BE DEFINED BASED ON
THE EVALUATION;

(c) ASSIGN GEOGRAPHICAL ‘
- COORDINATES TO GRID POINT

(dy POPULATE DATABASE WITH
GEOGRAPHICAL COORDINATES

(e) POPULATE DATABASE WITH
INFORMATION

Y

GEOGRAPHICAL COORDINATES
FOR NODES OF UNIFORM GRID

2805

4

CIRCUITRY FOR DETERMINING FOR
GRID PTS.:

(a) DETERMINING CLOSEST NODE

DATA ASSOCIATED WITH GRID

-(b) ASSIGNING CHARACTERISTIC "~

N 2803

FIGURE 28

Page 389 of 493

CHARACTERISTIC DATA MAY
INCLUDE: LIST OF NEIGHBORING
CELLS, A QUANTITY THAT 1S A
FUNCTION OF POWER OF A
NEIGHBORING CELL, SERVING
CELL ID, SERVING SECTOR ID,
TIMING ADVANCE, ORIENTATION
OF MOBILE DEVICE, LOCATION
OF MOBILE DEVICE, NETWORK
MEASUREMENT REPORT DATA
VECTORS, NETWORK STATE,
CONFIDENCE MEASURE OF - |
RELIABILITY OF CAL. DATA

;,‘ 1\
2816

8¢/8¢C

9¥¥100/800TS/LDd

S0SL60/800T OM



w0 2007/015188 A1 I 0000 00 000 00RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
8 February 2007 (08.02.2007)

ﬂllﬁ" A 0 0

(10) International Publication Number

WO 2007/015188 A1l

(51) International Patent Classification:
HO40Q 7/38 (2006.01)

(21) International Application Number:
PCT/IB2006/052527

(22) International Filing Date: 24 July 2006 (24.07.2006)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

200510084592.0 1 August 2005 (01.08.2005) CN

(71) Applicant (for all designated States except US): KONIN-
KLIJKE PHILIPS ELECTRONICS N.V. [NL/NL]J;
Groenewoudseweg 1, NL-5621 BA Eindhoven (NL).

(72) Inventors; and

(75) Inventors/Applicants (for US only): CHEN, Ningjiang
[CN/CN]; Philips Electronics China, 21/f Kerry Office
Building, 218 Tian Mu Xi Road, 200070 Shanghai (CN).
CHEN, Xin [CN/CN]; Philips Electronics China, 21/f

Kerry Office Building, 218 Tian Mu Xi Road, 200070
Shanghai (CN).

Common Representative: KONINKLIJKE PHILIPS
ELECTRONICS N.V.; c/o HAQUE, Azir, Philips Elec-
tronics China, 21/f Kerry Office Building, 218 Tian Mu Xi
Road, 200070 Shanghai (CN).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HN, HR, HU, ID, 1L, IN, IS, JP,
KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK, LR, LS, LT,
LU, LV, LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA,
NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC,
SD, SE, SG, SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ,
UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

)

(81

(84)

[Continued on next page]

(54) Title: METHOD, APPARATUS AND SYSTEM FOR LOCALIZATION IN A WIRELESS NETWORK

160 170 110 180

[Mobie node]  [Fixed node|  |Beaconnode|  [Target node]

monitoring if a
new mobile node
enters the network|

5410

sending presence|message
to the beacon|node

5430

5420 Judging if the
presence message is
received from the

mobile node

Waking up other

beacon nodes
sending a beacon message
to the mobile node 5440
sending LRTPL to
the fixed node | s470 S450
Y
5460 comparing and
determining the most
fitted sub-area to the
mobile node
determining the name
and location of the sending location
most fitted sub-area | information to a target
node 5495
5480
$490 Taking corresponding
action
¥
[ End ] [ End ] | End | [ End ]

(57) Abstract: A method, apparatus and system for local-
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sion power level, which is related to location of the mobile
node; comparing the transmission power level with a loca-
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formation comprises at least a known location and its cor-
responding transmission power level; determining the loca-
tion of the mobile node, according to the comparison result.
The present invention can achieve broader applications for
localization, and make the localization result for a mobile
node more accurate and more efficient, since it utilizes the
transmission power level to localize a mobile node, which
makes the localization results insensitive to the influence of
the complex environment.

Page 390 of 493



WO 2007/015188 A1 {10000 0000 O

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,  Published:

RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, — with international search report
GN, GQ, GW, ML, MR, NE, SN, TD, TG). —  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments
Declaration under Rule 4.17: For two-letter codes and other abbreviations, refer to the "Guid-
— as to applicant’s entitlement to apply for and be granted a  ance Notes on Codes and Abbreviations" appearing at the begin-
patent (Rule 4.17(ii)) ning of each regular issue of the PCT Gagzette.

Page 391 of 493



10

15

20

25

30

WO 2007/015188 PCT/IB2006/052527

METHOD, APPARATUS AND SYSTEM FOR LOCALIZATION
IN A WIRELESS NETWORK

FIELD OF THE INVENTION
The invention relates to a wireless network, in particularly, to a method, apparatus

and system for localizing a mobile node in a wireless network.

BACKGROUND OF THE INVENTION

In a wireless network, Radio Signal Strength (RSS) is widely used as an approach
to measure the distance between nodes, for instance, a wireless sensor network (WSN)
may generally include several sensor nodes, each of which normally has the capability to
perform short-haul wireless communication and communicates with each other via Radio
Frequency information. Based on the Radio Path Loss model, the distance between two
sensor nodes can be calculated. In theory, if the distances between a mobile node and three
stationary nodes are known, the location of the mobile node can be calculated in 3-D
coordinate system with 3-D coordinates of three stationary nodes.

However, since the wireless signal is liable to suffering interferences, thereby being
not stable and even erroneous, it is unreliable to use RSS to measure the distance between
two nodes. A solution is to combine TOF (Time of Flight) method with RSS, namely
utilizing the propagation speed of wireless signal and the relay-time between transmitter
and receiver, to measure the distance between two nodes.

However, the TOF method also has some shortcomings: firstly, TOF method
requires accurate time synchronization, which requires extra effort of WSN to maintain
synchronization information; and in real applications, it will consume the limited resources
of WSN; secondly, for indoor distance measurement, the complex situation of reflection
wave caused by walls and furniture considerably degrades the accuracy of TOF.

In conclusion, a method and apparatus for localization in wireless network with
stable measurement result insensitive to indoor complex environmental interference is

therefore needed.

OBJECT AND SUMMARY OF THE INVENTION
The present invention provides a method, apparatus and system for localization in

wireless network, which achieves stable measurement result insensitive to indoor
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environment.

According to an embodiment of the present invention, a method for localizing a
mobile node in a wireless network is provided, wherein the method comprises the steps of:
acquiring a transmission power level, which is related to location of the mobile node;
comparing the transmission power level with a location mapping information, wherein the
location mapping information comprises at least a known location and its corresponding
transmission power level; and determining the location of the mobile node, according to
the comparison result.

According to another embodiment of the present invention, an apparatus for
localizing a mobile node in a wireless network is provided, wherein the apparatus
comprises: an acquiring device, for acquiring a transmission power level, which is related
to location of the mobile node; a comparing device, for comparing the transmission power
level with a location mapping information, which comprises of at least a known location
and its corresponding transmission power level; and a determining device, for determining
the location of the mobile node according to the comparison result.

According another embodiment of the present invention, a wireless network
system for localizing a mobile node in the wireless network is provided, wherein the
wireless network system comprises: at least a receiving device, for receiving a group of
localization messages with at least two localization messages from the mobile node,
wherein the group of localization messages includes a transmission power level
respectively different from each other; an acquiring device, for acquiring a lower
transmission power level in the group of localization messages, and the transmission power
level is related to the location of the mobile node; a comparing device, for comparing the
transmission power level and a location mapping information, which comprises at least a
known location and its corresponding transmission power level; and a determining device,
for determining the location of the mobile node according to the comparison result.

According another embodiment of the present invention, a wireless network system
for localizing a mobile node in the wireless network is provided, wherein the wireless
network system comprises: at least a transmitting device, for sending a group of
localization messages with at least two localization messages, wherein the group of
localization messages includes a transmission power level respectively different from each
other; an acquiring device, for acquiring a lower transmission power level in the group of

localization messages, and the transmission power level is related to the location of the
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mobile node; a comparing device, for comparing the transmission power level with a
location mapping information, which comprises at least a known location and its
corresponding transmission power level, and a determining device, for determining the
location of the mobile node according to the comparison result.

In conclusion, a method, apparatus and system for localization in wireless networks
proposed in the present invention can achieve broader applications for localization, and
make the localization for mobile node more accurate and more efficient since it utilizes the
transmission power level message to localize mobile nodes, which makes the localization
results insensitive to the influence of complex environment.

Other objects and attainments together with a fuller understanding of the invention
will become apparent and appreciated by referring to the following description and claims

taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic diagram illustrating a sensor network according to an
embodiment of the present invention;

Figure 2 is a schematic diagram in statistics format illustrating all beacon messages
received by a mobile node according to an embodiment of the present invention;

Figure 3 is a flowchart illustrating a method for disposing a sensor network
according to an embodiment in the present invention;

Figure 4 is a flowchart illustrating a method for localizing a mobile node in a sensor
network according to an embodiment of the present invention;

Figure 5 is a functional block diagram of a fixed node in a sensor network according
to an embodiment of the present invention.

Figure 6 is a schematic diagram illustrating a sensor network according to another
embodiment of the present invention;

Figure 7 is a schematic diagram illustrating a sensor network according to another

embodiment in the present invention.

Throughout the drawing figures, like reference numerals will be understood to refer to

like parts and components.
DETAILED DESCRIPTION OF THE INVENTION
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Next, the embodiments of the present invention will describe in detail in conjunction
with figures.

Figure 1 is a schematic diagram illustrating a sensor network according to an
embodiment of the present invention, and the sensor network includes four beacon nodes
110,120,130 and 140, each of the beacon nodes may be a sensor, which broadcasts beacon
message at different transmission power level every one second respectively, for instance,
as shown in figure 1, the beacon node 110, 120, 130 and 140 broadcast beacon messages at
transmission power level from 1 to 4 separately, and the transmission power level is
included in corresponding broadcasted beacon message.

One beacon message is comprised of two parts, beacon node ID and transmission
power level, and the transmission power level denotes the transmission power level when a
beacon transmits the beacon message. For instance, the beacon message sent by the beacon

node 110 with beacon ID =1 at transmission power level 2 is shown in table 1:

Table 1
Beacon ID Transmission power level
1 2

Besides, the whole area within the radio coverage of WSN includes many sub-areas
partitioned by users, sub-area 151, 152, 153, 154,155 and 156. The sub-areas can be
partitioned based on the functional areas in a specific application environment, which
could be an area where users require for behavior monitoring performed by the WSN, such
as an office. Sub-areas can also be appropriately partitioned according to the number and
locations of beacon nodes 110,120,130 and 140.

Each of sub-areas 151,152,153,154,155 and 156 has one location respectively which
is different from each other, so that one mobile node 160 that enters each of above sub-
areas can utilize the location of the sub-area where the node resides to carry out
localization, in other word, the mobile node 160 can implement localization according to
the location of the sub-area closest to itself,

Figure 2 shows the schematic diagram in statistic format illustrating all beacon
messages received by a mobile node according to an embodiment of the present invention.
For example, there are 4 beacon nodes in a WSN, then for a specific mobile node in the
WSN, the beacon message with lowest received transmission power level (LRTPL) 2, 2, 3

and 4 are received from the beacon nodes with beacon ID 1,2,3,4 at each fixed interval
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respectively. The final statistic result is shown in table 2.

Table 2:
beacon ID LRTPL
1 2
2 2
3 3
4 4

Figure 3 shows the flowchart of a method for disposing a sensor network according
to an embodiment of the present invention. Firstly, at step S310, a user disposes sensor
nodes as beacon nodes in a application environment, which could be an area where the user
requires for the sensor network to perform user’s behavior monitoring, e.g. an office. The
number and location of the beacons can be determined according to the size of the
application environment and the partition of the functional areas (e.g., office desk area,
demonstration area beside whiteboard.)

And then, at step S320, the user sets the relating parameters of the beacons. The
parameters may include: Timer_interval, denoting the desired time interval between two
adjacent beacon messages sent from a beacon node); Min_power_level, denoting the
lowest transmission power level of a beacon node; Max_power_level, denoting the highest
transmission power level of a beacon node; Power_level_interval, denoting the increasing
amplitude between two adjacent transmission power levels of a beacon node, etc.

Subsequently, at step S330, according to locations and parameters of above beacon
nodes, the user partitions the whole application environment into several sub-areas, which
may be partitioned according to the functional areas in the application environment, e.g.
the office desk functional area, demonstration area beside whiteboard. In different
functional areas, the user will take on different behaviors, e.g. standing up, sitting down,
typing or making a phone call in office desk functional area. Partitioning sub-areas
according to the functional areas in the application environment can make the judgment on
the user’s behaviors more accurate.

At step S340, the user starts the test by using a mobile node to receive the beacon
messages from each of beacon nodes in each sub-area, so as to obtain the LRTPL of
beacon message from each of beacon nodes in each sub-area.

The LRTPL’s location mapping information of each corresponding beacon node
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shown in figure 1 is listed in table 3.

Table 3
Sub-area BeaconID | LRTPL 1 Percentage LRTPL 2 -| Percentage
1 1 2 80% 3 20%
2 2 60% 3 40%
3 3 20% 4 80%
4 3 30% 4 70%
2 1 3 90% 4 10%
2 2 70% 3 30%
3 3 85% 4 15%
4 3 10% 4 90%
3 1 2 75% 3 25%
2 2 30% 3 70%
3 3 70% 4 30%
4 3 20% 4 80%
4 1 3 85% 4 15%
2 3 10% 4 90%
3 1 20% 2 80%
4 3 60% 4 40%
5 1 3 75% 4 25%
2 3 80% 4 20%
3 3 90% 4 10%
4 3 85% 4 15%
6 1 3 10% 4 80%
2 3 75% 4 10%
3 2 20% 3 60%
4 1 20% 2 80%

Since the beacon message may be not well-received due to some unexpected reasons,
the node in the same location will receive the beacon message with two different

transmission power levels sent from the same beacon. The values of LRTPL have
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statistical property, for instance, sub-area 1 receives two beacon messages sent from the
beacon 110 (beacon ID is 1) in certain time period: the LRTPL value of one beacon
message is 2 and the LRTPL value of another beacon message is 3, in which the
percentage of the number of beacon messages with LRTPL value 2 is 80%, with LRTPL
value 3 is 20%. When determining the LRTPL value corresponding to each of sub-areas,
only the LRTPL with larger percentage is referenced, for instance, the LRTPL value
corresponding to Beacon ID 1 in sub-area 1 is 2.

At step S350, the LRTPL of each sub-area is analyzed. According to the information
in table 2, the LRTPL corresponding to each beacon node in each sub-area will be finally
obtained after analysis. For example, the LRTPL value corresponding to the beacon 110
(Beacon ID 1) in sub-area 1 is 2, the LRTPL value corresponding to the beacon 120
(Beacon ID 2) is 2, etc. .

At step S360, the user judges whether each sub-area has different localization
information, if so, then stores each LRTPL corresponding to each sub-area into a database
at step S370.

Finally, at step S380, all location mapping information (table 3) will be stored in the

data base, and the location mapping information may include the name of each sub-area,

corresponding functional areas and their corresponding transmission power levels, etc.

At above step S360, if the judgment result is no, namely, at least two sub-areas have
the same localization information, then at step 390, the user readjusts the relating
parameters of beacon nodes, and further at step S395, readjusts the location of beacon
nodes, then repeats procedures from step S330 to step S350 until each sub-area has unique
localization information.

Figure 4 shows a flowchart illustrating the method for localizing a mobile node in a
sensor network according to an embodiment of the present invention.

Firstly, at step S410, beacon node 110 monitors whether new mobile node (e.g. one
user carrying sensor) enters the WSN. If the sensor network comprises multiple beacon
nodes, the beacon node 110 among which can be selected as monitoring node, which
monitors if new mobile node enters the WSN by monitoring whether the presence
information is received from the mobile node.

Before the monitoring beacon node receives presence information from the mobile
node, other beacon nodes could be in “hibernation” state; after receiving the presence

information, the monitoring beacon node “wakes up” other beacon nodes
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Then, at step S420, a mobile node 160 enters into the sensor network, and then
sends a presence message, which is used to inform the beacon node 110 that the mobile
node 160 needs to be localized. Moreover, the presence message may also include the ID
information of the mobile node 160, such as the personal ID information of the user
carrying sensors, so that the corresponding ID authentication can be carried out firstly
when the mobile node 160 enters the sensor network.

At step S430, the beacon node 110 judges whether it receives the presence message
sent from the mobile node 160, if so, then the beacon node 110 “wakes up” other beacon
nodes at step 5440, otherwise, the beacon 110 continues judging whether it receives the
presence message sent from the mobile node 160.

At step S450, the beacon node 110 sends beacon message to the mobile node 160,
which includes the ID of the beacon node and the transmission power level for transmitting
the beacon message. For instance, beacon node 110 with beacon ID 1 broadcasts the
beacon message at different transmission power levels ranging from 1 to 4. The higher the
transmission power level is, the broader range can the beacon message be broadcasted. The
LRTPL needed for receiving the beacon message at the location of the mobile node160 is 2,
that is for beacon node 110, the LRTPL of the mobile node is 2.

At step S460, after receiving the beacon message, the mobile node 160 sends the
LRTPL corresponding to each beacon node to a fixed node 170 in the sensor network,
which is used to compare the similarity between LRTPL of the mobile node 160 and the
LRTPL of each sub-area in location mapping information table (table 3). Each sub-area’s
LRTPL is pre-stored in a data base included in the fixed node. (as step S370 shown in
figure 4)

At step S470, fixed node 170 uses Euclidean distance to calculate the similarity

between the LRTPL of mobile node and that of each sub-area.
2
L = argmin, {Z(RPLJ, - (PL, *PER,, j }
i k

Wherein, i denotes the ith known sub-area Lj; j denotes the jth beacon node Bj; k=1
or 2, denote two different LRTPL values; PER;jx denotes the percentage of each LRTPL;
PLij denotes the LRTPL corresponding to the beacon node Bj; RPL; denotes the LRTPL. of

the mobile node with respect to the jth beacon node; arg min; denotes the sub-area No. i
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2
L=arg min,.{Z[RPL,- (PL, * PER jk)) } )
(P 2 (Pl ® PR value, namely the most fitted sub-area

with minimum
to the location of mobile node 110.

At step S480, according to the pre-stored name information of each sub-area and the
name information of their corresponding functional areas, fixed node 170 obtains the name
of the most fitted (i.e the closest) sub-area to the mobile node 160 (e.g. sub-area 3) and the
name of corresponding functional area (e.g. office desk area). In this way, the sensor
network can know the functional area where the user resides and the possible behaviors
taken by the user in the functional area so that the sensor network can make more accurate
judgment for the user behaviors.

At step S490, fixed node 170 will send the calculated location of the mobile node
160 (e.g. coordinate (89.235), the name of the sub-area corresponding to mobile node 160
and the name of corresponding functional areas, to a target node 180, which can be
connected with an equipment (e.g. a lamp) to control the equipment.

At step S495, according to received above information, target node 180 can acquire
the location of the mobile node, the name of corresponding sub-area and the name of
corresponding functional area, and then take activities accordingly, e.g. increasing the

brightness of the lamp.

Figure 5 shows the schematic diagram illustrating the functional block of a fixed
node in a sensor network according to an embodiment of the present invention.

The fixed node 500 comprises an acquiring device 510, for acquiring the LRTPL of
the beacon message sent from each of beacon node to a mobile node in the sensor network
(as shown in figure 2);

The fixed node 500 further comprises a storage device 540, for storing the LRTPL
location mapping information for each sub-area with known location with respect to each
beacon node in the sensor network (as shown in table 3), name of each sub-area and the
sub-area information of corresponding functional area name. Moreover, the storage device
540 is also used to store the user ID information of a mobile node and cipher information,
etc.

The fixed node 500 further comprises a comparing device 522 and a determining
device 524, in which the comparing device 522 is used to compare the similarity between

the LRTPL of a mobile node acquired by the acquiring device 510 and the LRTPL location
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mapping information of each sub-area with respect to each beacon node stored in the
storage device 540, so as to obtain the most fitted sub-area to the mobile node 160. The
comparing method can be referred to the illustration of step S570 in figure 5.

Based on the comparison result and the name, location and name of corresponding
functional areas of each sub-area stored in the storage device 540, the determining device
524 determines the specific location of the mobile node 160.

The fixed node 500 also comprises an actuator 530, which could be connected with
an equipment (e.g. a lamp) in cable or wireless way. After processor 520 calculates out the
location of the mobile node, the fixed node can control the equipment to make
corresponding adjustment through actuator 530. (e.g. increasing the brightness of the lamp)

It is to be understood by those skilled in the art that the actuator 500 can be also
included in another node independent from the fixed node 500, and receive the location
information of the mobile node sent from the fixed node 500, and also control an
equipment(e.g. a lamp) according to the locaﬁon information.

The fixed node 500 further comprises a transmitting device 580 and a receiving
device 590, in which transmitting device 590 is used to broadcast the calculated location
information of the mobile node in the sensor network.

It is to be understood by those skilled in the art that each functional module
contained in the fixed node 500 in the present invention can also be allocated in each
different node (e.g. each beacon node or target node) in the sensor network in integrated or
distributed manner, for instance, full functions of the fixed node 500 can also be realized in
each beacon node or target node. It is evident that the functions of the fixed node 500 can
also be fulfilled by the mobile node.

The method and apparatus for localization in a wireless network according to an
embodiment of the present invention can be applied in an office environment equipped
with sensor network, through the sensor carried by the user (namely a mobile node), can
the location of the user be calculated out. Also, according to the location of the user, the
identification of frequent activities of the user in the area can be fulfilled, and furthermore,
intelligently adjusting and controlling indoor lighting system can also be achieved

according to user’s behavior status.

Figure 6 is a schematic diagram illustrating a sensor network according to another

embodiment of the present invention.
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As shown in figure 6, according to another embodiment of the present invention, the
sensor network may comprise a beacon node 110 as minimum, which broadcasts the
beacon message at four different transmission power levels ranging from 1 to 4, and then
the value of LRTPL received at mobile node 160 is 2. Correspondingly, a user uses the
mobile node to perform the test to receive the beacon message sent from beacon node 110
in sub-area 151,153,154 and 156, so as to obtain the beacon message’s LRTPL received
from each beaéon node in each sub-area.

For example, the LRTPL of each beacon node corresponding to each sub-area is

shown in table 4

Table4:

Sub-area Beacon ID | LRTPL 1 percentage ILRTPL 2 | Percentage
1 1 1 80% 2 20%

3 1 2 75% 3 25%

4 1 3 85% 4 15%

6 1 3 10% 4 80%

Then, following the method illustrated in figure 4, we can use Euclidean distance to
calculate the similarity between the LRTPL of mobile node and that of sub-area, and get
the most fitted sub-area to the mobile node 160 (sub-area 156), so as to determine the

location of the mobile node 160.

Figure 7 is a schematic diagram illustrating a sensor network according to another
embodiment of the present invention.

As shown in Figure 7, it is to be understood by those skilled in the art that the
method and apparatus for localization in wireless network as disclosed in this invention
can also be used by the mobile node 160 to be localized, wherein the mobile node 160 can
broadcast the location information at different transmission power levels (e.g. from 1 to 4),
and beacon node 110, 120,130 and 140, as receiving devices, receive the LRTPL of the
location information with value 2, 2, 3 and 4 respectively, same as in table 2.

Accordingly, when disposing such kind of sensor network, a user uses one mobile
node to perform the message-sending test in each sub-area to obtain the LRTPL of each
sub-area. Following the same way can the data shown in figure 3 be obtained. Then,

following the method shown in figure 4, Euclidean distance is used to calculate the
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similarity between the LRTPL of mobile node and that of sub-area to obtain the most fitted
sub-area to the mobile node 160 ( sub-area 156), thereby determining the location of the
mobile node 160.

It is to be understood by those skilled in the art that the method and apparatus for
localization in wireless network as disclosed in this invention can not only be applied in
sensor network, but also be made of various modifications without departing from the
spirit and scope of the invention so as to be applied in other kinds of wireless networks, e.g.
Blue Tooth Piconet, etc.

It is to be understood by those skilled in the art that the method and apparatus for
localization in wireless network as disclosed in this invention can be made of various
modifications without departing from the spirit and scope of the invention as defined by

the appended claims.
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CLAIMS:

1. A method for localizing a mobile node in a wireless network, comprising the steps of:

(a) acquiring a transmission power level, which is related to location of the mobile
node;

(b) comparing the transmission power level with a location mapping information,
wherein the location mapping information comprises at least a known location and its
corresponding transmission power level; and

(¢) determining the location of the mobile node, according to the comparison result.

2. The method according to claim 1, further comprising the step of:
receiving a group of localization messages with at least two localization messages

from a signal source, wherein the group of localization messages includes a transmission

power level respectively different from each other;

wherein the step (a) comprises the step of: acquiring a lower transmission power
level in the group of localization messages, and the transmission power level is related to

the location of the mobile vnodc.

3. The method according to claim 2, further comprising the steps of:

receiving a group of localization messages with at least two localization messages
from another different signal source, wherein the group of localization messages includes a
transmission power level respectively different from each other;

wherein the step (a) corhprises the step of: acquiring a lower transmission power
level in the group of localization messages, and the transmission power level is related to

the location of the mobile node.

4. The method according to claim 1, further comprising the step of:
acquiring the location mapping information, which comprises at least a known

location and its corresponding transmission power level.

5. The method according to claim 1, further comprising the step of:
sending a location message of the mobile node to a target node, which can control

an equipment according to the location message.

Page 11394 of 493



10

15

20

25

30

WO 2007/015188 PCT/1IB2006/052527

6. The method according to claim 1, wherein
the known location is a sub-area, and
the step (c) comprises the step of: determining a most fitted sub-area to the acquired

transmission power level.

7. The method according to claim 6, wherein the step (c) further comprises the step of:

determining a name of the sub-area.

8. The method according to claim 6, wherein the step (c) further comprises the step of:

determining a functional area of the sub-area.

9. An apparatus for localizing a mobile node in a wireless network, comprising:

an acquiring device, for acquiring a transmission power level, which is related to
location of the mobile node;

a comparing device, for comparing the transmission power level with a location
mapping information, which comprises of at least a known location and its corresponding
transmission power level; and

a determining device, for determining the location of the mobile node according to the

comparison result.

10. The apparatus according to claim 9, wherein the determining device is used to

determine the most fitted sub-area to the transmission power level of the mobile node.

11. The apparatus according to claim 9, further comprising a storage device, for storing the
location mapping information, which includes at least a known location and its

corresponding transmission power level.

12. The apparatus according to claim 11, wherein the storage device is used to store user’s

ID of the mobile node and cipher information.

13. The apparatus according to claim 9, further comprising an actuator, for controlling an

equipment according to the location of the mobile node.
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14. A wireless network system for localizing a mobile node in the wireless network,
comprising:

at least a receiving device, for receiving a group of localization messages with at
least two localization messages from the .rnobile node, wherein the group of localization
messages includes a transmission power level respectively different from each other;

an acquiring device, for acquiring a lower transmission power level in the group of
localization messages, and the transmission power level is related to the location of the
mobile node;

a comparing device, for comparing the transmission power level and a location
mapping information, which comprises at least a known location and its corresponding
transmission power level; and

a determining device, for determining the location of the mobile node according to

the comparison result.

15. A wireless network system for localizing a mobile node in the wireless network,
comprising:

at least a transmitting device, for sending a group of localization messages with at
least two localization messages, wherein the group of localization messages includes a
transmission power level respectively different from each other;

an acquiring device, for acquiring a lower transmission power level in the group of
localization messages, and the transmission power level is related to the location of the
mobile node;

a comparing device, for comparing the transmission power level with a location
mapping information, which comprises at least a known location and its corresponding
transmission power level; and

a determining device, for determining the location of the mobile node according to

the comparison result.
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Application Number 14518868
Filing Date 2014-10-20

INFORMATION DISCLOSURE First Named Inventor | Alles et al.

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Art Unit 2641
Examiner Name | Mazda Sabouri
Attorney Docket Number [ ANDO1 083 CONT

FOREIGN PATENT DOCUMENTS

Name of Patentee or Pages, Columns, Lines
Examiner| Cite | Foreign Document | Country Kind | Publication Aoolicant of cited where Relevant Ts
Initial* No [Number3 Code?j Code4| Date P Passages or Relevant
Document ;
Figures Appear
1 06088472 WO A1 2006-08-24 | Anderson et al. ]

If you wish to add additional Foreign Patent Document citation information please click the Add button
NON-PATENT LITERATURE DOCUMENTS

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS
publisher, city and/or country where published.

Examiner| Cite
Initials* | No

If you wish to add additional non-patent literature document citation information please click the Add button
EXAMINER SIGNATURE

Examiner Signature Date Considered

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO

Standard ST.3). ? For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. $ Applicant is to place a check mark here fif
English language translation is attached.

EFS Web 2.0.1

Page 429 of 493



Application Number 14518868

Filing Date 2014-10-20

INFORMATION DISCLOSURE

First Named Inventor [ Alles et al.

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Art Unit 2641

Examiner Name Mazda Sabouri

Attorney Docket Number ANDO1 083 CONT

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[] from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[] any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e}(2).

[] See attached certification statement.
[] Fee setforthin 37 CFR 1.17 (p) has been submitted herewith.

X None

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature.

Signature /Mark C. Comtois/ Date (YYYY-MM-DD) 2015-05-19
Name/Print Mark C. Comtois Registration Number 46285

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file {(and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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PTO/SB/08a (05-07)

Approved for use through 09/30/2007. OMB 0651-0031

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Application Number 14518868

Filing Date 2014-10-20

INFORMATION DISCLOSURE First Named Inventor | Alles et al.

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Art Unit 2641

Examiner Name Mazda Sabouri

Attorney Docket Number ANDO1 083 CONT

U.S.PATENTS

Pages,Columns,Lines where
Relevant Passages or Relevant
Figures Appear

Examiner| Cite Patent Number Kind lssue Date Name of Patentee or Applicant

Initial* No Code! of cited Document

If you wish to add additional U.S. Patent citation information please click the Add button.

U.S.PATENT APPLICATION PUBLICATIONS

Examiner| Cite o Kind | Publication Name of Patentee or Applicant Pages, Columns, Lines where
e Publication Number : Relevant Passages or Relevant
Initial No Code} Date of cited Document :
Figures Appear

1 20080161015 A1 2008-07-03 Maloney et al.

2 20020172223 A1l 2002-11-21 Stilp et al.

3 20080132247 A1l 2008-06-05 Anderson et al.

4 20080132244 A1 2008-06-05 Anderson et al.

5 20080158059 A1 2008-07-03 Bull et al.
EFS Web 2.0.1

Page 431 of 493




INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Application Number

14518868

Filing Date 2014-10-20
First Named Inventor | Alles et al.
Art Unit 2641

Examiner Name

Mazda Sabouri

Attorney Docket Number

ANDO1 083 CONT

6 20080261614 A1 2008-10-23 Mia et al.

7 20080261613 A1 2008-10-23 Anderson et al.
8 20080261612 A1 2008-10-23 Mia et al.

9 20080261611 A1 2008-10-23 Mia et al.

10 | 20080137524 - A1 2008-06-12 Anderson et al.
11 20080248811 A1 2008-10-09 Maloney et al.
12 20070111746 A1 2007-05-17 Anderson et al.
13 | 20070155489 A1 2007-07-05 Beckley et al.
14 | 20090005061 A1 2009-01-01 Ward et al.

15 20070155401 A1 2007-07-05 Ward et al.

16 | 20060030333 A1 2006-02-09 Ward et al.
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Application Number 14518868

Filing Date 2014-10-20

First Named Inventor | Alles et al.

Art Unit 2641

Examiner Name Mazda Sabouri

Attorney Docket Number ANDO1 083 CONT

INFORMATION DISCLOSURE

STATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

17 20030064734 A1 2003-04-03 Stilp et al.

18 ] 20060003775 A1 2006-01-05 Bull et al.

If you wish to add additional U.S. Published Application citation information please click the Add button.
FOREIGN PATENT DOCUMENTS

Name of Patentee or Pages,Columns, Lines
Examiner| Cite | Foreign Document | Country Kind | Publication Avplicant of cited where Relevant Ts
Initial* No | Number? Code?j Code4| Date pp Passages or Relevant
Document ;
Figures Appear
1 []

If you wish to add additional Foreign Patent Document citation information please click the Add button

NON-PATENT LITERATURE DOCUMENTS

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the item
(book, magazine, journal, serial, symposium, catalog, etc), date, pages(s), volume-issue number(s), TS
publisher, city and/or country where published.

Examiner| Cite
Initials* | No

If you wish to add additional non-patent literature document citation information please click the Add button

EXAMINER SIGNATURE

Examiner Signature Date Considered

*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through a
citation if not in conformance and not considered. Include copy of this form with next communication to applicant.

1 See Kind Codes of USPTO Patent Documents at www.USPTO.GOV or MPEP 901.04. 2 Enter office that issued the document, by the two-letter code (WIPO
Standard ST.3). 3 For Japanese patent documents, the indication of the year of the reign of the Emperor must precede the serial number of the patent document.
4 Kind of document by the appropriate symbols as indicated on the document under WIPO Standard ST.16 if possible. $ Applicant is to place a check mark here ff
English language translation is attached.
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Application Number 14518868

Filing Date 2014-10-20

INFORMATION DISCLOSURE

First Named Inventor |AIIes et al.

ISTATEMENT BY APPLICANT
( Not for submission under 37 CFR 1.99)

Art Unit 2641

Examiner Name I Mazda Sabouri

Attorney Docket Number ANDO1 083 CONT

CERTIFICATION STATEMENT

Please see 37 CFR 1.97 and 1.98 to make the appropriate selection(s):

That each item of information contained in the information disclosure statement was first cited in any communication
[l from a foreign patent office in a counterpart foreign application not more than three months prior to the filing of the
information disclosure statement. See 37 CFR 1.97(e)(1).

OR

That no item of information contained in the information disclosure statement was cited in a communication from a
foreign patent office in a counterpart foreign application, and, to the knowledge of the person signing the certification
after making reasonable inquiry, no item of information contained in the information disclosure statement was known to

[l any individual designated in 37 CFR 1.56(c) more than three months prior to the filing of the information disclosure
statement. See 37 CFR 1.97(e)}(2). '

[] See attached certification statement.
[] Fee setforthin 37 CFR1.17 (p) has been submitted herewith.

X] None

SIGNATURE
A signature of the applicant or representative is required in accordance with CFR 1.33, 10.18. Please see CFR 1.4(d) for the
form of the signature,

Signhature /Mark C. Comtois/ Date (YYYY-MM-DD) 2015-05-19

Name/Print Mark C. Comtois Registration Number 46285

This collection of information is required by 37 CFR 1.97 and 1.98. The information is required to obtain or retain a benefit by the
public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.14. This collection is estimated to take 1 hour to complete, including gathering, preparing and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you
require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND
FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
VA 22313-1450.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450

Alexandria, Virginia 22313-1450
WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT
CONFIRMATION NO. 6799
79172 PUBLICATION NOTICE
Duane Morris LLP
505 9th Street, N.W. LR e
000000073234 79

Suite 1000
Washington, DC 20004

Title:System and Method to Collect and Modify Calibration Data

Publication No.US-2015-0038167-A1
Publication Date:02/05/2015

NOTICE OF PUBLICATION OF APPLICATION

The above-identified application will be electronically published as a patent application publication pursuant to 37
CFR 1.211, et seq. The patent application publication number and publication date are set forth above.

The publication may be accessed through the USPTO's publically available Searchable Databases via the
Internet at www.uspto.gov. The direct link to access the publication is currently http://www.uspto.gov/patft/.

The publication process established by the Office does not provide for mailing a copy of the publication to
applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set forth
in 37 CFR 1.19(a)(1). Orders for copies of patent application publications are handled by the USPTO's Office of
Public Records. The Office of Public Records can be reached by telephone at (703) 308-9726 or (800) 972-6382,
by facsimile at (703) 305-8759, by mail addressed to the United States Patent and Trademark Office, Office of
Public Records, Alexandria, VA 22313-1450 or via the Internet.

In addition, information on the status of the application, including the mailing date of Office actions and the

dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through the Patent
Electronic Business Center at www.uspto.gov using the public side of the Patent Application Information and
Retrieval (PAIR) system. The direct link to access this status information is currently http://pair.uspto.gov/. Prior to
publication, such status information is confidential and may only be obtained by applicant using the private side of
PAIR.

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent
Electronic Business Center at 1-866-217-9197.

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101
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PTO/AIA/GY (06-12)

Approved for use through 01/31/2014, OMB 0661-0032

U.8. Patent and Trademark Office; U.8. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond fo a collection of information unless it displays a valid OMB control number,

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Title of | SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

Invention

As the below named inventor, | hereby declare that:

This declaration I
is directed to: D The attached application, or

United States application or PCT International application number 14/518,868

20 October 2014

filed on

The above-identified application was made or authorized to be made by me.

| believe that | am the original inventor or an original joint inventor of a claimed invention in the application.

| hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.8.C. 1001
by fine or imprisonment of not more than five (5) years, or both,

WARNING:

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card numbers
(other than a check or credit card authorization form PTO-2038 submitted for payment purposes) is never required by the USPTO
to support a petition or an application. If this type of personal information is included in documents submitted to the USPTO,
petitionersfapplicants should consider redacting such personal information from the documents before submitting them 1o the
USPTO, Petitionet/applicant is advised that the record of a patetit application is available to the public after publication of the
application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the application) or issuance of a
patent. Furthermore, the record from an abandoned application may also be available to the public if the application is
referenced In a published application or an issued patent (see 37 CFR 1.14), Checks and credit card authorization forms
PTO-2038 submitted for payment purposes are not retained in the application file and therefore are not publicly available.

LEGAL NAME OF INVENTOR

IAVEnRtor,

Signature: /A/?/MML’ /J/‘/;é/?

i ‘ /ot s
Martin. Alles S Diate (Optional ;{/ /M//M/}»

Note: An application data sheet (PTO/SB/14 or equivalent), Including naming the entire inventive entity, must accompany this fortm or must have
been previously filed. Use an additional PTO/AIA/01 form for each additional inventor.

This coliection of information is required by 35 U.S,C. 115 and 37 CFR 1,83, The information is required to obtain or retain a benefit by the public which is to file (and
by the USPTO to process) an application. Confidentiality is governed by 35 1U.8.C. 122 and 37 CFR 1.11 and 1.14, This collection is estimated to take 1 minute to
complete, Including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Informatian Officer, U.S.
Patent and Trademark Office, U.8. Department of Commerce, PO, Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO
THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance In completing the form, call 1-800-FPT0O-8199 and sefect option 2,
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PTO/AIAIOT (08-12)

Approved for use through 01/31/2014, OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1895, no persons are required to respond to a collection of information unless it displays a valid OMB contro) number.

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Tite of | SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

Invention

As the below named inventor, | hereby declare that:

This declaration .
is directed to: D The attached application, or

@ United States application or PCT international application number 14/518,868

20 October 2014

filed on

The above-identified application was made or authorized {o be made by me.

| believe that | am the original inventor or an original joint inventor of a claimed invention in the application,

| hereby acknowledge that any willful false statement made in this declaration is pumshab}e under 18 U.S.C. 1001
by fine or imprisonment of not more than five (5} years, or both.

WARNING:

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft, Personal information such as social security numbers, bank account numbers, or credit card numbers
(other than a check or credit card authorization form PT0-2038 submitted for payment purposes) is never required by the USFTO
to support a petition or an application, If this type of personal information is included in documents submitted to the USPTO,
petitioners/applicants should consider redacting such personal information from the documents before submitting them to the
USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after publication of the
application (unléss a non-publication request in compliance with 37 CFR 1.213(a) is made in the application) or issuance of a
patent, Furthermore, the record from an abandoned application may also be avallable to the public if the application is
referenced in a published application or an issued patent (see 37 CFR 1.14), Checks and credit card authorization forms
PT0-2038 submitted for payment purposes are not retained in the application file and therefore are not publicly available.

LEGAL NAME OF INVENTOR

R John Carls% % Date (Optionaly . ]///7 /M/?/“ """"

Signature: \7/}"*“’2i évé)w

Note An application data sheet (PTO/SB/M4 or equivalent), including naming the entire inventive entity, must accompany this form or must have
been previously filed. Use an additional PTO/AIA/01 form for each additional inventor.

This coflection of information is required by 36 U.8.C. 115 and 37 CFR 1.83, The Information is required to obtain or retain a benefit by the public which Is to file (and
by the USPTO to process) an application. Confidentiality is govemned by 35 U.8.C, 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 1 minute to
cornplete Including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chlef Information Officer, U.S.
Patent and Trademark Office, U,S. Department of Commerce, P.Q, Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMFLETED FORMS TO
THIS ADDRESS, SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450,

If you need assistance in completing the form, call 1-800-PT0-8199 and select oplicn 2.
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PTO/AIAR1 (08-12)

Approved for use through 01/31/2014. OMB 0651-0032

U.8. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1998, no persons are required to respond to a coliection of information unless it displays a valid OMB control number.

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN

APPLICATION DATA SHEET (37 CFR 1.76)

Title of | SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

invention

As the below named inventor, | hereby declare that:

This declaration

is directed to: D The attached application, or

United States application or PCT international application number 14/518,868

20 October 2014

ﬁled on

The above-identified application was made or authorized to be made by me.

| believe that | am the original inventor oran original joint inventor of & claimed invention in the application.

| hereby acknowledge that any wiliful false statement made in this declaration is punishable under 18 U.S.C, 1001
by fine or imprisonment of not more than five (8) years, or both.

WARNING:

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card numbers
(other than a check or credit card authorization form PT0-2038 submitted for payment purposes) is never reguired by the USPTO
to support a petition or an application. If this type of personal information is included in documents submitted to the USPTO,
petitioners/applicants should consider redacting such personal information from the documents before submitting them to the
USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after publication of the
application (unless a non-publication reguest in compliance with 37 CFR 1.213(a) is made in the application) or issuance of a
patent. Furthermore, the record from an abandoned application may also be available to the public if the application is
referenced in a published application or an issued patent (see 37 CFR 1.14). Checks and credit card authorization forms
PTO-2038 submitted for payment purposes are not retained in the application file and therefore are not publicly available.

LEGAL NAME OF INVENTOR

i//“?/zw‘{

. Georage Maher
fnventor: i

Dats (Optienaly

, P
/} vy 7/
Signature: }Zéj Affi’?ff% C.w %@ et

Note: An application data sheet (PTO/SB/14 or equivalent), including naming the entire inventive entity, must accompany this form or must have
been previously filed, Use an additional PTO/AIA/01 form for each additional inventor.

This collection of information is required by 35 U.S.C, 115 and 37 CFR 1.63. The information is required to obtain or retain a benefit by the public which is to file (and
by the USPTO to process) an application. Confidentiality is governed by 35 U.8.C. 122 and 37 CFR 1.11 and 1.14. This coflection is estimated to take 1 minute to
complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S.
Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22813-1450. DO NOT SEND FEES OR COMPLETED FORMS TO
THIS ADDRESS, SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450,

If you need assistance in completing the farm, cafl 1-800-PT0-8199 and sefect option 2.
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PTO/AIA/01 (06-12)

Approved for use through 01/31/2014. OMB 0651-0032

U.S, Patent and Trademark Office; U.S, DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required fo respond to a collection of information unless It displays a valid OMB control number,

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Title of |SYSTEM AND METHOD TO COLLECT AND MODIFY CALIBRATION DATA

Invention

As the below named inventor, | hereby declare that;

This declaration -
is directed to: D The attached application, or

14/518,868

[!—' United States application or PCT international application number

filed on 20 Qctober 2014

The above-identiﬁed application was made or authorized fo be made by me,

| believe that | am the original inventor or an original joint inventor of a claimed invention in the application.

| hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.S.C. 1001
by fine or imprisonment of not more than five (5) years, or both.

WARNING:

Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a patent application that may
contribute to identity theft. Personal information such as social security numbers, bank account numbers, or credit card numbers
(other than a check or credit card authorization form PTO-2038 submitted for payment purposes) is never required by the USPTO
to support a petition or an application. If this type of personal information is included in documents submitied to the USPTO,
petitioners/applicants should consider redacting such personal information from the documents before submitting them to the
USPTO. Petitioner/applicant is advised that the record of a patent application is available to the public after publication of the
application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the application) or issuance of a
patent. Furthermore, the record from an abandoned application may also be available to the public if the application is
referenced in a published application or an Issued patent (see 37 CFR 1.14). Checks and credit card authorization forms
PTO-2038 submitted for payment purposes are not retained in the application file and therefore are not publicly available.

LEGAL NAME OF INVENTOR

11/6 /99/4/

Selcuk-Mazlum

[ 7L

Date (Optional) : / £

Inventor:

Signature: ( }/W/Z(/m/}

Note: An application data sheet (PTO/SB/14 or equivalent), including naming the entire inventive entity, must accompany this form or must have
heen previously filed. Use an additional PTO/AIA/Q1 form for each additional inventor,

This collection of information Is required by 35 U.S.C. 115 and 37 CFR 1.83. The information is required to obtain or retain a benefit by the public which Is to file (and
by the UEGPTO to process) an application, Confidentiality is governed by 35 U.8.C. 122 and 37 CFR 1.11 and 1.14, This collection [s estimated to take 1 minute to
complets, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of fime you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chiaf Infarmation Gfficer, U.S.
Patent and Trademark Office, U.S, Department of Commerce, P.O. Box 1450, Alexandrla, VA 22313-14560, DO NOT SEND FEES OR COMPLETED FORMS TO
THIS ADDRESS. SEND TO: Commissioner for Patents, P.O, Box 1450, Alexandria, VA 22313-1450.

If you need assistance In completing the form, call 1-800-PTO-9199 and select option 2,
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Total Files Size (in bytes); 604208

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
14/518,868 10/20/2014 Martin Alles ANDO1 083 CONT
CONFIRMATION NO. 6799
79172 NOTICE
Duane Morris LLP
505 9t Sircet, NW, I L
Suite 1000

Washington, DC 20004
Date Mailed: 10/28/2014

INFORMATIONAL NOTICE TO APPLICANT

Applicant is notified that the above-identified application contains the deficiencies noted below. No period for
reply is set forth in this notice for correction of these deficiencies. However, if a deficiency relates to the inventor's
oath or declaration, the applicant must file an oath or declaration in compliance with 37 CFR 1.63, or a substitute
statement in compliance with 37 CFR 1.64, executed by or with respect to each actual inventor no later than the
expiration of the time period set in the "Notice of Allowability” to avoid abandonment. See 37 CFR 1.53(f).

The item(s) indicated below are also required and should be submitted with any reply to this notice to avoid
further processing delays.

+ A properly executed inventor's oath or declaration has not been received for the following inventor(s):
Martin Alles
John Carlson
George Maher
Selcuk Mazlum

page 1 of 1
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION FILING or GRP ART
NUMBER 371(c) DATE UNIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMSJIND CLAIMS
14/518,868 10/20/2014 3646 1900 ANDO1 083 CONT 22 2
CONFIRMATION NO. 6799
79172 FILING RECEIPT
Duane Morris LLP
505 9th Street, N.W. IR A0 R
Suite 1000 000000071564122

Washington, DC 20004
Date Mailed: 10/28/2014

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE,
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection.
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections

Inventor(s)
Martin Alles, Vienna, VA;
John Carlson, Dulles, VA;
George Maher, Herndon, VA;
Selcuk Mazlum, Leesburg, VA,;
Applicant(s)
Andrew LLC, Hickory, NC
Assignment For Published Patent Application
Andrew LLC, Hickory, NC

Power of Attorney: None

Domestic Priority data as claimed by applicant
This application is a CON of 12/026,372 02/05/2008
which claims benefit of 60/899,379 02/05/2007

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

If Required, Foreign Filing License Granted: 10/27/2014

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 14/518,868

Projected Publication Date: 02/05/2015

Non-Publication Request: No
page 1 of 3
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Early Publication Request: No
Title

System and Method to Collect and Modify Calibration Data
Preliminary Class
342
Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

page 2 of 3

Page 444 of 493



LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 14/518,868
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
(37 OFR 1.16(a), (5), or (6)) N/A N/A N/A N/A 280
SEARCH FEE
(37 GFR 1.18(K), @), or (m)} N/A N/A N/A N/A 600
EXAMINATION FEE
(37 GFR 1.16(0), (p), or (@) N/A N/A N/A N/A 720
TOTAL CLAIMS ) *
(37 CFR 1.16(i)) 22 minus 20= 2 OR |« 80 - 160
INDEPENDENT CLAIMS . *
(37 CFR 1.16(h)) 2 minus 3 = x 420 = 0.00
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 0.00
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 1760
APPLICATION AS AMENDED - PART Il
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
i Total . i = =
s (37 CF% ?.16(i)) Minus = OR |« =
a Independent * Minus | *** =
E (37 CFR 1.16(h)) = OR |« =
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Column 2) {Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
1N} Total * Minus * = =
= (37 CF% ?.16(i)) OR |x =
% Independent * Minus | *** = = OR |x =
L (37 CFR 1.16(h))
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j))
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".
*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | ANDO1 083 CONT

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2

] Portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order pursuant to
37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

Inventor Information:

Inventor 1

Legal Name
Prefix| Given Name Middle Name Family Name Suffix
Martin Alles
Residence Information (Select One) (8 US Residency () NonUSResidency () Active US Military Service
City | Vienna State/Province | VA Country of Residencd | US

Mailing Address of Inventor:

Address 1 2421 Willilams Avenue

Address 2

City Vienna l State/Province | VA

Postal Code 22180 l Countryi us

Inventor 2

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
John Carlson

Residence Information (Select One) (8) US Residency () NonUS Residency (O Active US Military Service

City | Dulles State/Province | VA | Country of Residencd | US

Mailing Address of Inventor:

Address 1 43479 Ogden Place

Address 2

City Dulles | State/Province ‘ VA

Postal Code 20166 I Countryi ‘ us

Inventor 3 - Remove

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
George Maher

Residence Information (Select One) (®) US Residency, ,-(). NgaUS Residency () Active US Military Service
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | ANDO1 083 CONT

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

City | Herndon State/Province | VA ‘ Country of Residencd | US

Mailing Address of Inventor:

Address 1 100 Adele Garden Way

Address 2

City Herndon l State/Province I VA

Postal Code 20170 | countryi | Us

Inventor 4

Legal Name

Prefix| Given Name Middle Name Family Name Suffix
Selcuk Mazlum

Residence Information (Select One) (@) US Residency (O NonUS Residency (O Active US Military Service

City | Leesburg State/Province | Va Country of Residencd | US

Mailing Address of Inventor:

Address 1 136 Clubhouse Drive SW Apt 201

Address 2

City Leesburg l State/Province , VA
Postal Code | 20175 I Country i l us

All Inventors Must Be Listed - Additional Inventor Information blocks may be

generated within this form by selecting the Add button. - A

Correspondence Information:

Enter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

[ ] An Address is being provided for the correspondence Information of this application.

Customer Number 79172

Email Address | AddEmail |  [Remove Email

Application Information:

Title of the Invention System and Method to Collect and Modify Calibration Data

Attorney Docket Number| ANDO1 083 CONT Small Entity Status Claimed [ ]

Application Type Nonprovisional

Subject Matter Utility

Total Number of Drawing Sheets (if any) 8 Suggested Figure for Publication (if any)

Filing By Reference:
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | ANDQO1 083 CONT

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

Only complete this section when filing an application by reference under 35 U.S.C. 111(c) and 37 CFR 1.57(a). Do not complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e, “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the description and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a).

Application number of the previously Filing date (YYYY-MM-DD) Intellectual Property Authority or Country ’
filed application

Publication Information:
[] Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. | hereby request that the attached application not be published under

35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in another country, or under a multilateral international agreement, that requires
publication at eighteen months after filing.

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.

Please Select One: (e Customer Number (O US Patent Practitioner | (O Limited Recognition (37 CFR 11.9)
Customer Number 79172

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, or 365(c) or indicate National Stage

entry from a PCT application. Providing this information in the application data sheet constitutes the specific reference required
by 35 U.5.C. 119(e) or 120, and 37 CFR 1.78.

When referring to the current application, please leave the application number blank.

Prior Application Status | Pending
Application Number Continuity Type Prior Application Number| Filing Date (YYYY-MM-DD)
Continuation of 12/026372 2008-02-05
Prior Application Status | Expired
Application Number Continuity Type Prior Application Number Filing Date (YYYY-MM-DD)
12/026372 Claims benefit of provisional 60/899379 2007-02-05

Additional Domestic Benefit/National Stage Data may be generated within this form
by selecting the Add button. Page 449 of 493
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information uniess it contains a valid OMB control number.

L. Attorney Docket Number | ANDO1 083 CONT
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55(d). When priority is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX)' the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(h)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

| Remove |

Application Number Countryi Filing Date (YYYY-MM-DD) Access Codé (if applicable)

Additional Foreign Priority Data may be generated within this form by selecting the
Add button.

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also
contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[ ] 16,2013

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March
16, 2013, will be examined under the first inventor to file provisions of the AlA.

Authorization to Permit Access:

[] Authorization to Permit Access to the Instant Application by the Participating Offices
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Approved for use through 01/31/2014. OMB 0651-0032

U.8. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | ANDO1 083 CONT

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

If checked, the undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO),

the Japan Patent Office (JPO), the Korean Intellectual Property Office (KIPO), the World Intellectual Property Office (WIPO),
and any other intellectual property offices in which a foreign application claiming priority to the instant patent application

is filed access to the instant patent application. See 37 CFR 1.14(c) and (h). This box should not be checked if the applicant
does not wish the EPO, JPO, KIPO, WIPO, or other intellectual property office in which a foreign application claiming priority
to the instant patent application is filed to have access to the instant patent application.

In accordance with 37 CFR 1.14(h)(3), access will be provided to a copy of the instant patent application with respect

to: 1) the instant patent application-as-filed; 2) any foreign application to which the instant patent application

claims priority under 35 U.S.C. 119(a)-(d) if a copy of the foreign application that satisfies the certified copy requirement of
37 CFR 1.55 has been filed in the instant patent application; and 3) any U.S. application-as-filed from which benefit is
sought in the instant patent application.

in accordance with 37 CFR 1.14(c), access may be provided to information concerning the date o f filing this Authorization.

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant 1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section. SR

(O Assignee (O Legal Representative under 35U.S.C. 117 (O Joint Inventor

(® Person to whom the inventor is obligated to assign. (O Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authoerity to file the patent application, the inventor is:

Deceased

Name of the Deceased or Legally Incapacitated Inventor :

If the Applicant is an Organization check here. X

Organization Name Andrew LLC

Mailing Address Information For Applicant:

Address 1 1100 Commscope Place SE
Address 2
City Hickory State/Province NC
Country’ | US Postal Code 28602
Phone Number Fax Number
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

) ) Attorney Docket Number | ANDO1 083 CONT
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

Email Address

Additional Applicant Data may be generated within this form by selecting the Add button.

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not subsitute for compliance with any requirement of part 3 of Title 37 of CFR to
have an assignment recorded by the Office.

Assignee 1

Complete this section if assignee information, including non-applicant assignee information, is desired to be included on the patent
application publication . An assignee-applicant identified in the "Applicant Information” section will appear on the patent application

publication as an applicant. For an assignee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. R

Organization Name Andrew LLC

Mailing Address Information For Assignee including Non-Applicant Assignee:

Address 1 1100 Commscope Place

Address 2

City Hickory State/Province NC
Countryi us Postal Code 28602
Phone Number Fax Number

Email Address

Additional Assignee or Non-Applicant Assignee Data may be generated within this form by
selecting the Add button.

Signature:

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4 for signature requirements and
certifications.

Signature |/Mark C. Comtois/ Date (YYYY-MM-DD)| 2014-10-20

First Name | Mark Last Name | Comtois Registration Number | 46285

Additional Signature may be generated within this form by selecting the Add button.
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Approved for use through 01/31/2014. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information uniess it contains a valid OMB control number.

Attorney Docket Number

ANDQO1 083 CONT

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | System and Method to Collect and Modify Calibration Data

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the compieted application data
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SYSTEM AND METHOD TO COLLECT AND

MODIFY CALIBRATION DATA

CROSS REFERENCES

[0001] The present application is a continuation of U.S. Patent Application No.
12/026,372, entitled “System and Method to Collect and Modify Calibration Data”,
filed 5 February 2008 which claims priority benefit to and is related to provisional
application No. 60/899,379 entitled “Mobile Location Using Network Measurement
Reports” filed on February 5, 2007, each of which are hereby incorporated by

reference in their entirety.

BACKGROUND

[0002] The use of wireless communication devices such as telephones, pagers,
personal digital assistants, laptop computers, etc., hereinafter referred to collectively
as “mobile appliances™ or “mobiles stations” has become prevalent in today’s
society. Inrecent years, at the urging of public safety groups, there has been
increased interest in technology which can determine the geographic position or
“geo-locate” a mobile station in certain circumstances.

[0003] Estimating the location of a mobile station may require one or more
types of calibration data associated with the mobile station (e.g., signal strength,
round trip time, time difference of arrival (TDOA), ground truth data, etc.).
Determining precise ground truth measurements is important when generating an
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accurate calibration database. Without accurate ground truth information, the
calibration database will contain significant errors which will in turn be reflected by
poor location estimates. Any device used to retrieve ground truth data may produce
some degree of signal degradation or drop-out. In the case of a GPS receiver used
to collect ground truth data, degradation or drop-out could occur, for example, due
to poor satellite visibility or high dilution of precision (DOP).

[0004] Referring to FIG. 1, a vehicle 40 may be configured with a collection
device 45 to collect calibration data. Once calibration data has been obtained, it
may be stored locally in an internal memory of the collection device 45, or the data
may be transmitted to a receiving base station 60, where the data is stored in a
calibration database 50.

[0005] The vehicle 40 may include a dead-reckoning device (not shown) to
collect data during periods of signal degradation or drop-out. Such devices attempt
to calculate the location of the vehicle when GPS location signaling obtained from a
GPS satellite 70 becomes unavailable. Dead reckoning operates by estimating a
location of a moving vehicle 40 using information, such as, but not limited to, the
last accurate GPS location, velocity of the vehicle 40 and may include other known
information.

[0006] Dead reckoning schemes often produce data results that may be
unsatisfactory when attempting to perform a location estimate. FIG. 2 illustrates an
exemplary dead reckoning operation. Referring to FIG. 2, a vehicle’s estimated

position is illustrated by the line (T) along the street. During a dead reckoning
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operation, there may be an increased chance of location error and the vehicle’s
estimated position (T) may be erroneous with respect to the actual position of the
vehicle.

[0007] Current collection procedures utilized to generate a calibration database
50 may also be laborious, time-consuming and expensive. Simplifying the test and
measurement equipment (T&M) needed, and the procedures for obtaining
calibration data may save time and expenses.

[0008] To increase the accuracy of location estimates, it is important the
collected calibration data be as precise as possible. To ensure the integrity of the
calibration data after it has been collected, a data modification and/or data
replacement algorithm may be implemented to enhance the accuracy of the collected
data. Enhancing the collected calibration data may reduce the chances of errors
occurring during a subsequent location process. Additionally, generating a
calibration database using enhanced collection procedures may simplify the
collection process.

[0009] One embodiment of the present subject matter is a method for
generating a calibration database that may be used to locate a mobile station. The
method may include obtaining location data from a plurality of geographic locations
within a region and providing a location information database which includes
latitude and longitude information fore each of a plurality of points within the

region. The method may also include determining two points in proximity to one of
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the plural geographic locations, interpolating between the two points to determine a
third point, and entering the location of the third point in the calibration database.
[0010] Another embodiment of the present subject matter is method for
generating a calibration database employing a wireless device in a region that
contains plural streets and intersections of the plural streets. The method may
include obtaining location data of a plurality of geographic locations situated within
a region from the wireless device and providing a location information database
including latitude and longitude information for each of a plurality of points within
the region. The method may also include determining a status of the wireless
device, determining from the status a most likely street the wireless device is located
for a first one of the plural geographic locations, and determining a first point of the
plural points that is in proximity to said first geographic location. The method may
then enter the first point in the calibration database.

[0011] Another embodiment of the present subject matter is a system for
generating a calibration database. The system may include a first database
containing location data obtained at a plurality of geographic locations within a
region and a location information database which includes latitude and longitude
information for each of a plurality of points in the same region. The system may
also include circuitry for determining points in the location information database
that are in proximity to a geographical location, circuitry for interpolating between
the points to determine a third point, and circuitry for entering the third point in the
calibration database.
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[0012] Another embodiment of the disclosed subject matter is a system for
generating a calibration database in a region with plural streets and intersections
using a wireless device. The system may include a wireless device for obtaining
location data at geographic locations within a region and a location information
database that includes latitude and longitude information for a plurality of points
within the region. The system may also include circuitry for determining a status of
the wireless device, circuitry for determining from the status which street the
wireless device is situated upon for a geographic location, circuitry for determining
a first point proximate to the geographic location, and circuitry for entering the first
point in the calibration database.

[0013] These and other advantages of the disclosed subject matter over the
prior art will be readily apparent to one skilled in the art to which the disclosure
pertains from a perusal of the claims, the appended drawings, and the following

detailed description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates an exemplary calibration data collection system.
[0015] FIG. 2 illustrates an example of dead reckoning.

[0016] FIG. 3 illustrates an example of location point position estimation.
[0017] FIG. 4 illustrates another example of location point estimation.
[0018] FIG. 5 illustrates a block diagram calibration data collection system.

[0019] FIG. 6 illustrates an exemplary non-uniform grid (NUG) region (R).
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[0020] FIG. 7 illustrates a flow diagram according to an exemplary
embodiment.

[0021] FI1G.8 illustrates a flow diagram according to an embodiment of the
present subject matter.

[0022] FIG. 9 illustrates a flow diagram according to another embodiment of

the present subject matter.

DETAILED DESCRIPTION

[0023] Ground truth data observed from a data collection device (i.e., a GPS
receiver) may be collected and stored in a calibration database and compared to a
street database to modify and enhance the calibration data for increased accuracy.
Increasing the accuracy of the ground truth data may in turn provide more accurate
location results.

[0024] Calibration data may include a set of location data obtained by any of a
variety of data collection devices and techniques. Some exemplary collection
devices may include a GPS receiver that receives satellite location signals, and a
terrestrial geo-location device that measures received signal strengths from base
stations or other wireless signaling devices. Assuming a set of location data have
been obtained by one or more of types of data collection devices, the location data
may be compared to other data sources to determine the degree of data deviation and

to ensure the data’s integrity.
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[0025] In a geographical area that contains multiple streets, highways, etc.
having corresponding intersections, there may be a probability of collecting
erroneous location point data regardless of the type of data collection device. A
street database may be used as a supplemental data source to compare and/or check
the integrity of collected location data. The street database may be a compilation of
latitude, longitude and other forms of geographical location data, and may also
provide ancillary information such as the direction of one-way streets, off-street
territories, etc. The street database data may be stored in the same database 50 used
to store the collected ground truth data or may be stored in a separate database.
[0026] The precise latitude and longitude positions of streets may be included
in the street database. Referring to FIG. 2, if a data collection procedure relied on
dead reckoning to determine ground truth data due to a lost GPS satellite signal, the
resulting data will have an increased likelihood of producing an off-street and/or
erroneous location estimate.

[0027] Location data may be modified using a location information database
(e.g., a street database) as an optimum overlay. The location information database
may provide a set of latitude and longitude information that can be used as an
overlay guide, which may be compared and matched té the collected location data.
Determining which street the collection process was conducted on may be a
prerequisite for selecting which set of data to use for data enhancing purposes. A
set of collected location points may substantially parallel a set of data in a street

database, and may provide an accurate overlay for comparison purposes.
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Alternatively, the street database may demonstrate inconsistencies between a first
street and a nearby street that may require clarification. The location information
database may be selected to overlap the geographic area of the respective collected
location data. The overlapped region may be designated by coordinates, street,
town, Zip code or other geographic area descriptor.

[0028] Checking the integrity of each retrieved ground truth location point may
include matching each point to the closest street in the street database. In another
example, a set of points may be matched to a particular street based on the
proximity of a group of points. A location data point or set of location data points
may be represented in a data vector(s), where each data vector has at least one
parameter associated with a particular location. Each data vector used for location
estimation may have, for example, N components with at least one of its
components as the location, and where the other N-1 components may apply to other
data signal components.

[0029] Referring to FIG. 3, data points x1, x2, x3, x4 and x5 may have been
measured by a vehicle driving on the street (S1). Once the measurements at the data
points are obtained, a location information database, such as a map database can be
used to match the measured data points (x1-x5) to points located on the actual street
x1°, x2°, x3°, x4’ and x5°, which are stored in the street database. In this case, the
street (S1) provides a simple way to perform a comparison and adjustment
procedure to modify the values of the location data with respect to the location data
points.
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[0030] Referring to FIG. 4, a map database may include more than one street
(S1, S2). In this non-limiting example, a set of measured data points (x1-x7) were
measured as having an estimated location, for the most part, near street S1;
however, the point x5 was estimated as being mistakenly closer to S2 than the
intended street S1. In this case, it may be useful to apply an algorithm different
from the closest street algorithm described above with reference to FIG. 3.

[0031] As illustrated in FIG. 4, the location point x5 is located a distance d2
from S1, which is greater than a distance d1 from S2. In this case, relying on the
historical and/or future street locations of the previously and subsequently measured
data points may provide a way to correctly match x5 to the correct street S1
regardless of the actual closest street to x5. Examining the street mappings of one
or more points before and/or after x5 (e.g., x1-x4 before, and x6-x7 after) it may be
determined that x5 was intended to be part of S1 and not S2. As a result, the
latitude and longitude values corresponding to the intended location of x5 (i.e., x5°),
with respect to S1, may be substituted for the measured position of x5.

[0032] Once the street overlay is properly matched to the measured point
location data collected over a given region, and the intended street location
identified with respect to the measured data points, the location data points
originally retrieved from a calibration data collection device may be replaced and/or
modified with the data derived from the street database. In addition, various other

known methods of enhancing the position data may also be applied to increase the
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integrity of the calibration database and provide accurate ground truth
measurements.

[0033] Interpolation may also be used as another method to enhance collected
ground truth data. If, for example, a collected ground truth data point falls outside
of a street location of the street database, the two closest points in the street database
may be used in an interpolation operation to determine a third point therebetween.
The ground truth of this third point may then be used in subsequent calculations or
as a replacement to the ground truth value that was retrieved from the original data
collection process.

[0034] Historical ground truth information may also be used to enhance
collected ground truth data. By keeping track of a data collection vehicle’s
directional movements and/or maneuvers, a probability calculation or estimate of
the most likely street location may be calculated. For example, once ground truth
values have been collected in a given region, these values may be modified or
replaced with the ground truth values of the most probable candidate street
estimated by a probability calculation of the vehicle’s historical movements and
maneuvers. This may be useful when attempting to correct ground truth data
collected in areas with multiple streets or other obstacles likely to create erroneous
ground truth data.

[0035] Ground truth data enhancement algorithms may be used to complement
dead-reckoning results when the results are known to be in error. Enhancement

algorithms may also be used to produce location data in situations where the dead-
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reckoning component of the calibration device/vehicle may be unavailable. Ground
truth exclusion criteria may be applied to limit the amount of erroneous data that is
stored in the calibration database. If, for example, ground truth data is obtained via
a GPS receiver, a predetermined threshold value may be established to require a
certain number of visible satellites be available before the ground truth data is
accepted.

[0036] A predetermined threshold value may be used to limit the data received
from a particular set of measurement devices having a dilution of precision (DOP)
beyond an acceptable threshold value. For example, if a group of measuring devices
are located too close together then the distances between the measuring devices may
be compared to the predetermined threshold, and as a result of the devices being
under the acceptable separation distance, the data may be considered unacceptable
and disregarded. Similarly, a threshold distance may be established as a minimum
distance requirement to limit ground truth collection efforts within a particular
distance from a last valid GPS reading. Other methods may also be used to limit the
amount of erroneous or unnecessary ground truth data obtained and stored in the
calibration database.

[0037] Calibration data collection procedures that utilize autonomous test and
measurement (T&M) equipment may simplify the ground truth collection process.
Simplifying the T&M equipment and/or creating autonomous procedures for data
collection may allow highly mobile vehicles and untrained drivers to perform

calibration data collection processes. For example, public transportation vehicles
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such as buses or taxi cabs, highly mobile vehicles such as FedEx/UPS trucks, etc.,
or other types of vehicles that travel often within the calibration area may be prime
candidates for installing the T&M equipment and performing the collection process.
[0038] Referring to FIG. 5, autonomous T&M equipment (ATME) 100 may
include a wireless terminal 110 that is capable of measuring received signal
strengths of serving and neighboring cell base stations and other wireless
communication transmissions, a locaﬁon device that computes the ground truth
location of the wireless terminal 110, such as a GPS receiver 120, and a memory
130 that stores the results of the collection efforts.

[0039] ATME 100 may include storage capability to store received signals (i.e.,
memory 130), such as, signal strength data of the serving and/or neighboring cell
base stations or other network information such as cell global identity (CGI),
broadcast control channel (BCCH), base station identity code (BSIC), and/or
corresponding ground truth location data.

[0040] ATME 100 may be capable of sending data stored in the memory 130 to
a server 180 using available baseband and/or broadband wireless data transfer
technology such as GPRS, 2G, 2.5G, 3G, 4G, etc. ATME 100 may be in
communication with an ATME controller unit 160, which may be located at a
serving base station (BS) 140 or another location within the communication range of
the ATME 100.

[0041] The controller unit 160 may monitor the statistical sufficiency of the

data available for the current location of the ATME 100, and may further implement
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tests to measure the statistical sufficiency to determine whether new data should be
added to the existing calibration database 150. In addition, the ATME controller
160 may be linked to a non-uniform grid (NUG) or uniform grid (UG) generator
permitting grid point generation and/or augmentation to proceed in parallel with the
data acquisition from the ATME 100. Grid points (e.g., NUGs) are another way to
organize and/or realize information related to a wireless networking environment.
[0042] A NUG is described in detail in co-pending U.S. Patent Application
Serial Number 12/068,213, now U.S. Patent No. 8,175,620, entitled “SYSTEM
AND METHOD FOR GENERATING NON-UNIFORM GRID POINTS FROM
CALIBRATION DATA?, the entirety of which is incorporated herein by reference.
A NUG may be generated to represent the signal characteristics and calibration data
over a given region. FIG. 6 illustrates a geographical region (R) having NUGs
represented by NUG1, NUG2 and NUG3. The NUGs represent an area of collected
calibration data based on data collected via data collection devices and/or signals
transmitted from the mobile stations (MSs) identified within the geographical region
of the NUG (e.g., (MS 2 and BS 21 - NUG1), (MS 4, 6, 8 and 10 - NUG2) and (MS
12, 14 and BS 23 - NUG3)). The BS 22 may serve one or more NUGs and may be
located outside the region (R) of the identified NUGs. The different NUGs may be
separated based on geographical considerations (e.g., mountains, buildings, streets)
or varying concentrations of MSs.

[0043] Network measurement reports (NMRs) may be used to represent the

current estimated location and/or signal characteristics of a MS. An exemplary

DM2\5188567.1

13
Page 466 of 493



1488 ANDO1 083 CONT

NMR may be represented as a data vector containing measured signal power level
parameters (e.g., P1, P2, P3) and may include one or more location parameters (ie.,
latitude and longitude).

[0044] An exemplary NMR may be represented by the data vector [P1, P2, P3,
LATI1, LONGI, TA1]. The power levels (P1-P3) may represent the power levels of
three separate base stations (BSs 21-23) as measured at a particular latitude and
longitude location (LAT1, LONG1). TAl is a non-limiting example timing advance
parameter. A NMR may contain any number and type of parameters used to
estimate the location of a MS. NMRs may be transmitted from the MS or from
other wireless network components to position determining equipment (PDE) 50 or
other types of processing units to process the received information, and/or attempt to
locate the MS.

[0045] The value of the timing advance (TA) parameter corresponds to the
length of time a signal from a MS takes to reach a particular BS. A MS may be
configured to transmit data signals at specific timeslot intervals depending on the
type of wireless communication protocol employed (e.g., TDMA, GSM, 3GPP etc.).
Using the speed of light (c = 3*10"8 m/s) as a reference velocity for the radio
waves, the TA parameter may be increased or decreased depending on the distance
between the MS and the BS. The TA parameter may need to be adjusted
periodically as the distance from the MS to the BS changes.

[0046] If statistically sufficient and/or recent data is available for the current

NUG configuration then there would be no reason to overload the existing

DM2\5188567.1

14
Page 467 of 493



1488 ANDO1 083 CONT

calibration database 150 with further data for that location. Thus, a continuous
examination of the reported data will allow for selective and judicious insertion of
such data into the calibration database 150. The examination of the reported data
may be performed by the controller unit 160 and/or one or more of the other
network components of the data collection system (i.e., server 180). If after an
examination of the currently stored calibration data it is determined that the current
level of collected data for a particular region is sufficient, then the current
calibration efforts may be paused or stopped until instructed to return to an
operating status.

[0047] Depending on the requirements for collecting data from a particular
location, it is also envisioned turning the ATME 100 off when, for example, the
vehicle containing the ATME 100 is parked, immobilized, or is traversing a region
for which acceptable data has already been obtained.

[0048] The ATME 100 may also be used to alert the ATME controller 160 to
changes in the wireless network. Changes, such as, a site going down, a new site
being enabled or the transmit power changing at an antenna are all examples of
changes that may be recognized more readily by the ATME controller 160 when a
continuous data stream is arriving from the ATME 100, than if one were to rely on
information communicated by a network operator of the location system. The
constant communication of the ATME 100 with other network operations

components may serve as an early warning device to the location system.
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[0049] The ATME 100 may determine its future position based on
communication with the ATME controller 160. It may be necessary to predict the
future position where the ATME controller 160 is operating within the NUG
generation process. In this example, consider the ATME 100 collecting data at a
particular location, the ATME 100 passes available NMR data to the ATME
controller 160. This NMR data includes, for example, an associated location time-
stamp, a velocity stamp and a range of other possible parameters in addition to the
usual NMR parameters. The ATME controller 160 may signal to the ATME 100
when it no longer needs data at that particular location, thus permitting the ATME
100 to move out of the current location before resuming data collection.

[0050] Depending on the rate at which the reported data changes, the ATME
controller 160 can optionally inform the ATME 100 the desired speed of travel
permitted to efficiently collect and/or communicate collection data results without
error. With this additional information, an ATME 100 may be sent instructions to a
driver to either dwell for longer periods in certain locations or move abruptly out of
locations where the reported data is statistically similar. As a result, the dwell-time
for such an ATME 100 in a particular region may be optimized so that no time is
unnecessarily wasted collecting data in a region where extra NMR data is not
required or an increased amount of time spent collecting data in a region where
more NMR data may be required.

[0051] Some of the features of an ATME 100 may also be applied to the case

where such features are interfaced with a human driver of the vehicle carrying the
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ATME 100 equipment. In such a situation, the human driver may be instructed by
the controller 160 using voice commands to slow down, speed up, turn at the next
intersection, etc. Further, in either the case of a human driver or unmanned
communication equipment, regions where data insufficiency or statistical failure
exist may be flagged as regions where a return to that area may be needed.

[0052] In a particular traffic situation where the driver has no option but to
keep moving even though the data requirement of the ATME controller 160 calls for
a slower collection driving velocity, the driver may continue to circle around the
region (e.g., block) until the ATME controller 160 indicates to the ATME 100
equipment driver that sufficient data collection has been met.

[0053] In general, the division of labor between fully automated components
within this scheme and human enablers for the same purpose may take various
forms ranging from a fully automated case to the case where the reporting of NMR
data is conducted manually.

[0054] When statistical sufficiency or data sufficiency is met in a particular
region, the ATME 100 may randomly proceed to a next region or be guided to a
particular region by the ATME controller 160, which may have information on areas
where the known data is insufficient or where particular NUGs need to be built or
refined. It may be true that, in general, the ATME 100 will spend less time per unit
area in a rural setting where the statistical nature of the NMRs change slowly as

opposed to an urban setting that has vigorous dynamic NMR changes over short
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distances. The total time required to calibrate a particular region may also be
reduced for the purpose of a pattern matching location scheme.

[0055] In contrast to the blind acquisition of NMR data by a device which has
no knowledge of whether the data being reporting is useful, needed, or in the other
extreme, excessive, the intelligent calibration data collection process may increase
location system productivity and location estimate accuracy.

[0056] FIG. 7 illustrates a flow diagram 700 of a method to modify location
data used to locate a mobile station. A first set of location data may be obtained for
a geographical region (operation 701). The first set of location data may be stored
in a database (operation 702). The first set of stored location data may be compared
to a second set of stored location data (operation 703), which represents an
overlapping geographical region of the first set of location data. Next, at least one
parameter of the first set of location data may be modified to represent a particular
location based on the second set of location data at that particular location
(operation 704). The modified parameter may be stored in the database as a
replacement to the original parameter of the first set of location data (705). The
mobile station may then be located based on the modified first set of location data
(706).

[0057] Figure 8 is an illustration of a method for generating a calibration
database. Location data may be obtained for a plurality of geographic locations
situated within a selected geographic region (801). A location information database

having accurate latitude and longitude information for plural points in the same
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geographic region may be provided, such as a street database (803). From the plural
points in the location information database a first and second point may be
determined that are proximate to a location in the location data (805). Using
interpolation between the first and second points a third point may be determined
(807). The third point may be entered into a calibration database as the location
associated with the location data for the geographic location (809).

[0058] Figure 9 is an illustration of a method for generating a calibration
database using a wireless device. Location data may be obtained for a plurality of
geographic locations situated with in a region having plural streets and intersections
(901). In one embodiment the location data may be obtained using a wireless
device. A location information database having accurate latitude and longitude
information for plural points in the same geographic region may be provided, such
as a street database (903). The status of the wireless device may be determined
(905), and based upon the status, a most likely street upon which the wireless device
is sited may be determined as the geographic location (907). A first point from the
location information database may be determined that is in proximity to the first
geographic location (909) and the first point may then be entered in the calibration
database (911).

[0059] The embodiments described above may be used in base station
configurations that include, but are not limited to, predetermined data collected over
varying terrain, varying base station configurations, varying cellular communication
protocols, etc.
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[0060] While preferred embodiments of the present invention have been
described, it is to be understood that the embodiments described are illustrative only
and the scope of the invention is to be defined solely by the appended claims when
accorded a full range of equivalents, many variations and modifications naturally

occurring to those skilled in the art from a perusal hereof.

DM215188567.1

20
Page 473 of 493



1488 ANDO1 083 CONT

What is claimed is:

L. A method for generating a calibration database, comprising;

receiving at a wireless device an attribute of a signal transmitted by a wireless
transmitter to a mobile station in a region;

wirelessly transmitting from said wireless device said attribute to a controller
unit;

obtaining location data of a plurality of geographic locations situated within
said region, wherein said location data is determined using said wireless device, and
wherein said region contains plural streets and intersections of said plural streets;

providing a location information database wherein said location database
includes latitude and longitude information for each of a plurality of points within
said region;

determining a status of said wireless device;

determining from said status a most likely one of said plural streets upon which
said wireless device is sited for a first one of said plural geographic locations;

determining a first point of said plural points that is in proximity to said first
geographic location; and

entering said first point in said calibration database and associaﬁng the location
data for the first one of said plural geographic locations determined by said wireless

device with the first point.
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2. The method of Claim 1 wherein said attribute is selected from the group
consisting of: signal strength, Cell global identity, broadcast control channel, base
station identity code.

3. The method of Claim 1 further comprising determining at said
controller unit if said location data is statistically sufficient and if so entering said
location data into said location information database.

4. The method of Claim 1 further comprising determining at said
controller unit if said location data is statistically sufficient and if so entering said
location data into a non-uniform grid generator.

5. The method of Claim 1 further comprising sending future positioning
information from said controller unit to said wireless device.

6. The method of Claim 5 wherein said future position information
includes at least one of a geographic position and a speed.

7. The method of Claim 5 further comprising determining said future
positioning information at least in part on information from said location information
database.

8. The method of Claim 5 further comprising determining said future
positioning information at least in part on information from a non-uniform grid
generator.

9. The method of Claim 1 further comprising receiving at said wireless
device an attribute of a signal transmitted by the wireless transmitter in
communication with a mobile station in a second region.
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10.  The method of Claim 1 wherein said location database is a street
database.

11.  The method of Claim 1 wherein said status includes attributes selected
from the group consisting of: direction of travel; speed of travel, and change in
direction of travel.

12. A system for generating a calibration database, comprising:

a wireless device for determining location data at a plurality of geographic
locations situated within a region, wherein said region contains plural streets and
intersections of said plural streets, said wireless device receiving an attribute of a
signal transmitted by a wireless transmitter to a mobile station in said region;

a wireless device transmitter for transmitting from said wireless device said
attribute to a controller unit;

a location information database wherein said location database includes
latitude and longitude information for each of a plurality of points within said region;

circuitry for determining a status of said wireless device;

circuitry for determining from said status a most likely one of said plural
streets upon which said wireless device is sited for a first one of said plural
geographic locations;

circuitry for determining a first point of said plural points that is in proximity

to said first geographic location; and
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circuitry for entering said first point in said calibration database; and
associating the location data for the first one of said plural geographic locations
determined by said wireless device with the first point.

13.  The system of Claim 12 wherein said attribute is selected from the
group consisting of: signal strength, Cell Global identity, broadcast control channel,
base station identity code.

14.  The system of Claim 12 wherein said controller unit determines if said
location data is statistically sufficient and if so, enters said location data into said
location information database.

15.  The system of Claim 12 wherein said controller unit determines if said
location data is statistically sufficient and if so enters said location data into a non-
uniform grid generator.

16.  The system of Claim 12 wherein said controller unit sends future
positioning information to said wireless device.

17.  The system of Claim 16 wherein said future positioning information
includes at least one of a geographic position and a speed.

18.  The system of Claim 16 wherein said future positioning information is
determined based at least in part on information from said location information
database.

19.  The system of claim 16 wherein said future positioning information is

determined based at least in part on information from a non-uniform grid generator.
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20.  The system of Claim 12 wherein said wireless device receives an
attribute of a signal transmitted by the wireless transmitter in communication with a
mobile station in said second region.

21.  The system of Claim 12 wherein said location database is a street
database.

22.  The system of Claim 12, wherein said status includes attributes selected
from the group consisting of: direction of travel; speed of travel, and change in

direction of travel.
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ABSTRACT

A system and method modifies calibration data used to geo-locate a mobile
station. Calibration data measured via a calibration data collection device may
contain errors due to the physical limitations of the collection device and/or the
collection process. Any data collection device may produce some degree of signal
degradation or drop-out. Dead reckoning provides a remedy for signal drop-out,
however, it often produces data results that may be unsatisfactory to perform an
accurate location estimate. To ensure the integrity of the collected calibration data, a
data modification and/or data replacement algorithm may be implemented to enhance
the accuracy of the collected data. In addition, current collection procedures used to
generate a calibration database may be laborious, time-consuming and expensive.
Simplifying the test and measurement equipment needed, and the procedures for

obtaining calibration data may save time and expenses.
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