EAST Search History

Ref Hits | Search Query DBs Default | Plurals | Time Stamp

# . Operator

S1 53 | modem adj diagnost$6 USPAT OR OFF 2006/10/12 13:36

S2 8 | 375/222.ccls. and (modem adj USPAT OR OFF 2006/10/16 15:23
diagnost$6)

S3 1 | "4385384".pn. USPAT OR OFF 2006/10/12 15:44

S4 2 | bilinear adj multiplier USPAT OR OFF 2006/10/12 15:44 |.

S5 9022 | 375/222.ccls. and (modem adj USPAT OR OFF 2006/10/16 15:23
diagnost$6) amd multicarrier

S6 103 | 375/222.ccls. and ((modem adj USPAT OR OFF 2006/10/16 15:24
diagnost$6) amd (multi adj carrier))

S7 2 | 375/222.ccls. and ((modem adj USPAT OR OFF 2006/10/16 15:25
diagnost$6) and (multi adj carrier))

S8 5 | "375"/$.ccls. and ((modem adj USPAT OR OFF 2006/10/16 15:26
diagnost$6) and (multi adj carrier)) :

S9 0 | "375"/222.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:27
diagnostic adj mode) and (multi adj
carrier))

S10 0 | "375"/222.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:27
(diagnostic adj mode)) and (multi adj
carrier))

S11 0 | "375"/$.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:27
(diagnostic adj mode)) and (multi adj
carrier)) o

S12 2 | "375"/$.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:31
(diagnostic adj mode)) )

S13 1| ("6566889").PN. US-PGPUB; | OR OFF 2006/10/16 15:28

USPAT;
USOCR

S14 12 | ("4566100" | "5128619" | "5608643" | | US-PGPUB; | OR OFF 2006/10/16 15:29
"5864602" | "5964891" | "6075821" | USPAT; ’
"6188717" | "6219378" | "6404774" | USOCR
"6411678" | "6449307" | "6512789").
PN.

S15 2 | "375"/$.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:31
(diagnostic adj mode)) and modem)

S16 0 | "375"/227.ccls. and ((initiat$4 near USPAT OR OFF 2006/10/16 15:32
(diagnostic adj mode)) same modem) -

S17 0 | "375"/227.ccls. and ((initiat$4 with USPAT OR OFF 2006/10/16 15:32
(diagnostic adj mode)) same modem) R

S18 1 | "375"/227.ccls. and (((diagnostic adj USPAT OR OFF 2006/10/16 15:33
mode)) same modem)

S19 1 | "375"/222.ccls. and ((diagnostic adj USPAT OR OFF 2006/10/16 15:34
mode) with trigger)
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EAST Search History

S20 1 | "375"/222.ccls. and ((diagnostic adj USPAT OR OFF 2006/10/16 15:50
mode) same trigger)

S21 2 | "375"/222.ccls. and (initiat$8 with USPAT OR OFF 2006/10/16 15:42
(diagnostic adj mode) )

S22 0 | "370"/222.ccls. and ((initiat$8 with USPAT OR OFF 2006/10/16 15:42
(diagnostic adj mode) ) same modem) .

S23 1 | ((initiat$8 with (diagnostic adj mode) ) | USPAT OR OFF 2006/10/16 15:43
same modem)

S24 77 | ((initiat$8 with (diagnostic adj mode) ) | USPAT OR | OFF 2006/10/16 15:46
)

525 15 | (initiat$8 with (diagnostic adj mode)) | USPAT OR OFF 2006/10/16 15:46
and modem

S26 6 | "375"/222.ccls. and ((diagnostic adj USPAT OR OFF 2006/10/16 16:16
mode) )

527‘ 25 | "379"/$.ccls. and ((diagnostic adj USPAT OR OFF 2006/10/16 16:16
mode) )

S28 1 | "379"/$.ccls. and (initiate near2 USPAT OR OFF 2006/10/16 16:18
(diagnostic adj mode) )

S29 1 | "379"/$.ccls. and ((diagnostic adj USPAT OR ‘OFF 2006/10/16 16:16
mode) same CRC)

S30 4 | "375"/222.ccls. and (initiat$6 near2 " | USPAT OR OFF 2006/10/16 16:17
(diagnostic) ) : '

S3t 0 | "379"/$.ccls. and (initiate near2 USPAT OR OFF 2006/10/16 16:18
(diagnostic ) same (transmission adj
power)) :

$32 0 | "379"/$.ccls. and (initiate near2 USPAT OR OFF 2006/10/16 16:18
(diagnost$6) same (transmission adj

_ power))

S33 1| "375"/222.ccls. and (link adj USPAT OR OFF 2006/10/25 10:41
diagnostic)

S34 1| ("6566889").PN. US-PGPUB; | OR OFF 2006/10/25 10:41

USPAT,;
USOCR

S35 6 | "375"/222.ccls. and (link near USPAT OR OFF 2006/10/25 10:42
diagnos$5)

S36 8 | "375"/$.ccls. and ((link near USPAT OR OFF 2006/10/25 10:44
diagnos$5) same modem)

S37 1 | "6636603".pn. USPAT OR OFF 2006/10/25 10:44

S38 0 | "10619691" USPAT . [ OR OFF 2006/10/27 06:48

S39 1| "6636603".pn. USPAT OR OFF 2006/10/27 06:48

€
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Inventor Name Search Result Page 1 of 2

B)

Day : Friday
Date: 10/27/2006

o f

Time: 07:01:14
Inventor Name Search Result
Your Search was:
Last Name = KRINSKY
First Name = DAVID
Fprlication# ‘ Patent#.IStatus Date Fileleitle Inventor Name —l
60309630 Not 159 ||08/02/2001||Multicarrier modulation method [[KRINSKY, DAVID
Issued using multiple frame
. synchronization points
60410339 Not || 159 ||09/12/2002||Clipping in multicarrier KRINSKY, DAVID
Issued modulation systems during
initialization
60411134 Not [ 159 |09/16/2002||Clipping in multicarrier KRINSKY, DAVID
Issued modulation systems during
initialization ‘
60424119 Not || 159 {|11/05/2002||Selecting the MEDLEY PRBS KRINSKY, DAVID
Issued during initialization
09485614 ||6266348|| 150 |/02/11/2000||SPLITTERLESS KRINSKY, DAVID
MULTICARRIER MODEM M.
09573816 ||6549520| 150 {|05/17/2000|METHOD AND APPARATUS | KRINSKY, DAVID
- FOR VARYING POWER M.
LEVELS IN A MULTICARRIER
. |MODEM
09755173 ||6658052] 150 ||01/08/2001||SYSTEMS AND METHODS KRINSKY, DAVID
FOR ESTABLISHING A M.
DIAGNOSTIC TRANSMISSION
MODE AND
COMMUNICATING OVER THE
SAME '
10189212 Not 161 {|07/05/2002||Splitterless multicarrier modem  ||[KRINSKY, DAVID
Issued ' M.
10613052 Not 30 ||07/07/2003([Splitterless multicarrier modem |KRINSKY, DAVID
Issued A M.
10619691 Not 30 ||07/16/2003||Systems and methods for KRINSKY, DAVID
Issued establishing a diagnostic M.
transmission mode and
communicating over the same
10635449 Not 30 ||08/07/2003||Splitterless multicarrier modem  [[KRINSKY, DAVID
Issued M.

I 1 1 g 10 " 1

http://expoweb1:8002/cgi-bin/expo/Invinfo/invquery.pl?FAM_NAM=KRINSKY&GIV_... 10/27/2006
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Inventor Name Search Result

i

Page 2 of 2

09597926 Not 161 |(06/19/2000|METHOD AND APPARATUS ||[KRINSKY, DAVID
Issued FOR COMMUNICATING WITH ([M.
MULTIPLE REMOTE
TRANSCEIVERS
60061689 Not 159 ||10/10/1997([SPLITTERLESS KRINSKY, DAVID
Issued MULTICARRIER M.
MODULATION FOR HIGH
SPEED DATA TRANSPORT
OVER TELEPHONE WIRES
60174865 Not 159 ]j01/07/2000{MULTICARRIER KRINSKY, DAVID
Issued MODULATION SYSTEM WITH ||M.
REMOTE DIAGNOSTIC
TRANSMISSION MODE

Inventor Search Completed: No Records to Display.

Search Another: Inventor

Last Name

First Name

[KRINSKY

| IpAvVID

|| Search |

To go back use Back button on your browser toolbar.

Back to PALM | ASSIGNMENT | QASIS | Home page

http://expoweb1:8002/cgi-bin/expo/InvIinfo/invquery. pl?FAM_NAM=KRINSKY&GIV_... 10/27/2006
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Inventor Name Search Result Page 1 of 1

Day : Friday

Date: 10/27/2006
1 BA IRITD AR ES
Inventor Name Search Result
Your Search was:
Last Name = PIZZANO
First Name = ROBERT
Application# |Patent# " tatusl Date Filed||Title ”Inventor Name l
60174865 159 ((01/07/2000MULTICARRIER PIZZANO, JR,
Issued MODULATION SYSTEM WITH ||ROBERT E.
REMOTE DIAGNOSTIC
TRANSMISSION MODE
09755173 ||6658052) 150 {|01/08/2001||SYSTEMS AND METHODS PIZZANO, ROBERT
FOR ESTABLISHING A EDMUND
DIAGNOSTIC TRANSMISSION
MODE AND
COMMUNICATING OVER THE
SAME
10619691 Not 30 |[07/16/2003|[Systems and methods for PIZZANO, ROBERT
Issued establishing a diagnostic EDMUND
transmission mode and
communicating over the same
_________ R

Inventor Search Completed: No Records to Display.

T

Last Name First Name

[Pizzano | [ROBERT § Scench |

To go back use Back button on your browser toolbar.

Search Another: Inventor

Back to PALM | ASSIGNMENT | OASIS | Home page

http://expoweb1:8002/cgi-bin/expo/Invinfo/invquery.pl?FAM_NAM=PIZZANO&GIV ... 10/27/2006
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNITED 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 PATENT NUMBER GROUP ART UNIT FILE WRAPPER LOCATION

10/619,691 2611 0500

Correspondence Address / Fee Address Change

The following fields have been set to Customer Number 62574 on 09/01/2006

*Correspondence Address
*Maintenance Fee Address

The address of record for Customer Number 62574 is:
SHERIDAN ROSS P C

SUITE 1200

1560 BROADWAY

DENVER,CO 80202
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNITED 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 PATENT NUMBER GROUP ART UNIT FILE WRAPPER LOCATION

10/619,691 2611 0500

Correspondence Address / Fee Address Change

The following fields have been set to Customer Number 62574 on 08/10/2006

*Correspondence Address
*Maintenance Fee Address

The address of record for Customer Number 62574 is:
JASON H. VICK

SUITE 500

1751 PINNACLE DRIVE

MCLEAN,VA 22102-3833
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UNITED STATES PATENT AND TRADEMARK OFFIGE

UNITED 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 PATENT NUMBER GROUP ART UNIT FILE WRAPPER LOCATION

10/619,691 2611 0500

Correspondence Address / Fee Address Change

The following fields have been set to Customer Number 62574 on 08/02/2006

*Correspondence Address
*Maintenance Fee Address

The address of record for Customer Number 62574 is:
JASON H. VICK

SUITE 500

1751 PINNACLE DRIVE

MCLEAN,VA 22102-3833
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Attorney Docket No. T3653-8765U502

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

In re Patent Application of:

First Named Inventor: KRINSKY, DAVID M. Art Unmit: 2631
Application No.: 10/619,691 Examiner:
Filed: July 16, 2003 7 Confirmation No.: 7134

For: SYSTEMS AND METHODS FOR
ESTABLISHING A DIAGNOSTIC
TRANSMISSION MODE AND
COMMUNICATING OVER THE SAME

E

INFORMATION DISCLOSURE STATEMENT

Commmissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450
Sir:

Pursuvant to 37 C.F.R. § 1.56, and without any assertion as to materiality or prior
art effect, the documents listed on the attached Form PTO/SB/08A are hereby cited.

The Commissioner is hereby authorized to charge to Deposit Account No. 50-
1165 (T3653-8765US02) any fees under 37 C.F.R. §§ 1.16 and 1.17 that may be required
by this paper and to credit any overpayment to that Account. If any extension of time is
required in connection with the filing of this paper and has not been separately requested,

such extension is hereby requested.

Respectfully submitted,

Date: August 1, 2006 By':i/
/Ja/son H. Vick
Miles & Stockbridge, P.C. Reg. No. 45,285

1751 Pinnacle Drive

Suite 500

McLean, Virginia 22102-3833
(703) 903-9000

#9309436
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Please type a plus sign {(+) inside this box —* + PTO/SB/08A (08-03)

Approved for use through 07/31/2006. OMB 0651-0031
U.S. Patent and Trademark Cffice: U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1895, no persons are required to respond to a coflection of information unless it contains a valid OMB controf number.

Substitute for form 1449A/PTO Complete it Known
Application Number 10/619,681

INFORMATION DISCLOSURE  [fimoe " Lo
STATEMENT BY APPLICANT [t 7o

{use as many sheets as necessary}

Sheet [ 1 [of |1 Attorney Docket Number T3653-8765U502

OTHER PRIOR ART -~ NON PATENT LITERATURE DOCUMENTS

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate}, title of the item (book,
Examiner | Cite magazine, journal, serial, sympesium, catalog, etc.), date, page(s), velume-issue number(s), publisher, city andfor T2
Initials™ No.' country where published.

Cioffi, John M., ADSL Maintenance with DMT, T1E1.4 ADSL Project, Amati Communications
Corporation, December 1, 1992, pages 1-14

Examiner Date
Signature Considered

* EXAMINER: Initia! if reference considered, whether cr not citation is in conformance with MPEP 809. Draw line through citation i not in conformance and not considered.

Include copy of this form with next communication to applicant.

1 Unigue citation designation number. 2 See attached Kinds of U.S. Patent Documents. # 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 Emperar must precede the serial number of the palent document. § Kind of document by the
appropriate symbals as indicated on the decument under WIFQ Standard ST. 18 if possible. 8 Applicant is to place a check mark here if English language Translation is attached.
This collection of information is required by 37 CFR 1.57 and 1.98. This irformation is required to obtain or retain a benellt by the public which fs to file {and by the USPTO to
process) an application. Confidentiality is govemed by 35 U.5.C. 122 and 37 CFR 1.14. This coflection is estimated to take 2 hours to complete, including gathering, preparing, and
submitting the completed application form to the USPTQ. 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 Infermation Officer, U.5. Patent and Trademark Office, U.S. Department of Commerce, P.0. Box 1450,
Alexandria, VA 22313-1450. DO NOT SEND FEES CR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.0. Box 1450, Alexandria, VA
22313-1450.
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Electronic Acknowledgement Receipt

EFS ID: 1135854
Application Number: 10619691
Confirmation Number: 7134

Title of Invention:

and communicating over the same

Systems and methods for establishing a diaghostic transmission mode

First Named Inventor:

David M. Krinsky

Customer Number:

181

Filer: Jason Vick/Cherrise Texidor
Filer Authorized By: Jason Vick
Attorney Docket Number: 081513-334

Receipt Date: 01-AUG-2006

Filing Date: 16-JUL-2003

Time Stamp: 14:17:33

Application Type: Utility
International Application Number:
Payment information:
Submitted with Payment no
File Listing:
Dﬁﬁ;mb:?t Document Description File Name File Size(Bytes) I\g::tt' Pages
1 Information (PSSSC)'OFS;EE Statement | 13653 8765US02_ids.pdf 78050 no 2
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Warnings:

Information:

This is not an USPTO supplied IDS fillable form

2 NPL Documents NPL_T1E1.pdf 773790 no 14
Warnings:
Information:
Total Files Size (in bytes): 851840

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.
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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

PO. Box 1450 .

elwrit‘an“;d;}g,;;l‘xmma 233131450
|  AppLicATION NUMBER | PATENT NUMBER | GROUP ART UNIT | FLEwraPPERLOCATION |
10/619,691 2634 0500

Change of Address/Power of Attorney
The following fields have been set to Customer Number 181 on 01/31/2005

¢ Correspondence Address
e Power of Attorney
e Maintenance Fee Address

The address of record for Customer Number 181 is:
MILES & STOCKBRIDGE PC

1751 PINNACLE DRIVE

SUITE 500

MCLEAN, VA 22102-3833

The Practitioners of record for Customer Number 181 are:

PTO INSTRUCTIONS:

Please take the following action when the correspondence address has been changed to a customer
number:

1) Add 'ADDRESS CHANGE TO CUSTOMER NUMBER' on the next available content line of
the File Jacket.

2) Put a line through the old address on the File Jacket and enter the Customer Number as the
new address.

3) File this Notice in the File Jacket.

Please take the following action when the correspondence address has NOT been changed:
1) File this Notice in the File Jacket
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TRANSMITTAL

FORM

(10 be used for all correspondence after initial filing)

Application Number

10/619,691

Filing Date

July 16, 2003

First Named Inventor

David M. Krinsky et al.

Group Art Unit

2634

Examiner Name

Kevin Kim

Total Number of Pages in This Submission

Attorney Docket Number

T3653-8765US02

ENCLOSURES (check all that apply)

D Fee Transmittal Form
D Fee Attached

D Amendment / Reply

D After Final

[ Atridavitsidectaration(s)
Extension of Time Request
Express Abandonment Request
Information Disclosure Statement

Certified Copy of Priority
Document(s)

O O00goa

Response to Missing Parts/
Incomplete Application

D Response to Missing Parts
under 37 CFR 1.52 or 1.53

O

Assignment Papers
(for an Application)

Drawing(s)
Declaration and Power of Attorney
Licensing-related Papers

Petition

ooooao

Petition to Convert to a Provisional
Application

Power of Attorney, Revocation
Change of Comrespondence Address

D Terminal Disclaimer
D Request for Refund
O cp, Number of CD(s)

Ooooo o od

After Allowance Communication to Group

Appeal Communication to Board of
Appeals and Interferences

Appeal Communication to Group
(Appeal Notice, Brief, Reply Brief)

Proprietary Information
Status Letter

" Application Data Sheet

Other Enclosure(s) (please identify belowy):

Remarks

EI The Commissioner is hereby authorized to charge any additional fees

required or credit any overpayments to Deposit Account No. 50-1165

(081513-334) for the above identified docket number.

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT

Fim

Jason H. Vick, Reg. No. 45,285

or
Individual name

Miles & Stockbridge P.C.
1751 Pinnacle Drive
Suite 500

McLean, VA 22102,

Signature

Date

ﬁ//
_~{"December 1, 2003

CERTIFICATE OF MAILING OR TRANSMISSION

[37 CFR 1.8(a)]

I hereby certify that this correspondence is being deposited with the United States Postal Service with sufficient postage for first class mail in an

envelope addressed to: Mail Stop
transmitted to the USPTO at

Commissioner for Patents, P.O. Box 1450, Alexandria, Virginia 22313-1450, or being facsimile
,on . :

Signature:

Name:
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Under the Paperwork Reduction Act of 1995, no persons are required to

PTO/SB/122 (09-03)

Approved for use through 11/30/2005. OMB 0651-0035
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
respond to a collection of in!olie

s it displays a valid OMB control number.

F— 10/619,691
Application Number .
CHANGE OF
- July 16, 2003
CORRESPONDENCE ADDRESS Filing Date Y
Application First Named Inventor David M. Krinsky et al.
. 2634
Address to: Art Unit
Commissioner for Patents i K
P.O. Box 1450 Examiner Name Kevin Kim
\ Alexandria, VA 22313-1450. T3653-8765US02
Attorney Docket Number
Please change the Correspondence Address for the above-identified patent application to:
Customer Number : L 000181
OR
Firm or . i
Individual Name Miles & Stockbridge P.C.
Address 1751 Pennacle Drive
Address Suite 500 .
City McLean | State |VA I Zip |22102—3833
Country USA
Teleph 703-903-9000 I Fax |703—610-8686

data associated with an existing Customer Number use “Request for Customer Number Data
Change” (PTO/SB/124).

| am the:

D Applicant/Inventor

Assignee of record of the entire interest.
Statement under 37 CFR 3.73(b) is enclosed. (Form PTO/SB/36).

Attorney or Agent of record. Registration Number _45,285

This form cannot be used to change the data associated with a Customer Number. To change the

(|

Registered practitioner named in the application transmittal letter i pplication without an
executed oath or declaration. See 37 CFR 1.33(a Stration Number,

Typed or Printed
Name

Jason H. Vick/

Signature

I Telephone 743 903 9000

(s) are requi

if more than one signature is required, see below*.

d. Submit multiple

[ [ ‘*Total of forms are submitted.

This collection of i ion is

d by 37 CFR 1.33. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO

to process) an apphcaﬂon COnﬁdenuahty is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 3 minutes to complete, including

gathering, preparing, and

ing the

1 form to the USPTO. Time will vary depending upon the individual case. Any comments on the

amount of time you require to complete this 1orm 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 1ce in comp

g the form, call 1-800-PT0O-9199 and select option 2.
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v ‘ o

=

u

UTILITY Attorney Docket No. 081 5 13-334 i j
PATENT APPLICATION First Inventor David M. Krinsky et al. 8

SYSTEMS AND METHODS FOR

itl
TRANSMITTAL Te | ESTABLISHING A DIAGNOSTIC

(Only for new nonprovisional applications under 37 CFR TRANSMISSION MODE AND
1.33®) COMMUNICATING OVER THE SAME
Express Mail Label No.
APPLICATION ELEMENTS g;lrlmslt(s)f Pa;re‘tl':)AlEptlicztisﬁon
ission r Paten
See MPEP chapter 600 concerning utility patent application contents. ADDRESS TO: P.O. Box 1450
Alexandria, VA 22313-1450

1. [® Fee Transmittal Form (e.g., PTO/SB/17) 7. 3 CD-ROM or CD-R in duplicate, large table or
(Submit an original and a duplicate for fee processing) Computer Program ( Appendlx)
2. O Applicant claims small entity status. 8. Nucleotide and/or Amino Acid Sequence Submission

See 37 CFR 1.27. (if applicable, all necessary)

3. [ specification [Total Pages 18} a. 0 Computer Readable Form (CRF)
(preferred arrangement set forth below) . b. Specification Sequence Listing on:
- Descriptive title of the invention i. O CD-ROM or CD-R (2 copies; or

- Cross Reference to Related Applications (if applicable)
- Statement Regarding Fed sponsored R & D (if applicable)
- Reference to sequence listing, a table,

ii. O paper
c. O Statements verifying identity of above copies

or a computer program listing appendix (if applicable) ACCOMPANYING APPLICATION PARTS
- Background of the Invention
- Brief Summary of the Invention 9. [0 Assignment Papers (cover sheet & document(s))
- Brief Description of the Drawings (if filed) 10. O 37 CFR 3.73(b) Statement O Powerof
- glet{ill?% Description (when there is an assignee) Attomey
- aim(s; . . N .
- Abstract of the Disclosure 1. 03 English '1"ransl'atmn Document (if apphcablf)
= R 02 12. & Information Disclosure X Copies of IDS
4. Drawing(s) (35 U.S.C. 113) [ Total Sheets 02 ] Statement (IDS)/PTO-1449 Citations
5. Oath or Declaration [ Total Pages 02] 13. O Preliminary Amendment
a. O Newly executed (original or copy) 14. B Return Receipt Postcard (MPEP 503)
b. O Unsigned . L (Should be specifically itemized)
c. B Copy from a prior application (37 CFR 1.63(d)) 15. O Certified Copy of Priority Document(s)
(for continuation/divisional with Box 18 completed) (if foreign priority is claimed)
i O QELET]ON OF INVENTOR(S_) . 16. O Nonpublication request under 35 U.S.C.
Signed statement attached deleting inventor(s) 122(b)2)(B)(i). Applicant must attach form
named in the prior application, see 37 CFR PTO/SB/35 or its equivalent.
1.63(d)(2) and 1.33(b) 17. O Other:
6. [Bd Application Data Sheet. See 37 CFR 1.76 ’ ’

18. Ifa CONTINUING APPLICATION, check appropriate box, and supply the requisite information below and in a preliminary amendment,
or inan Application Data Sheet under 37 CFR 1.76:

O Continuation (X1 Divisional O Continuation-in-part (CIP) of prior application No.: 09/ 755, 173
Prior application information: Examiner Kevin Kim Group / Art Unit: 2634
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SYSTEMS AND METHODS FOR ESTABLISHING A DIAGNOSTIC
TRANSMISSION MODE AND COMMUNICATING OVER THE SAME

_ Related Application Data
[0001] This application is a Divisional Application of U.S. Utility Application Serial
No. 09/755,173 entitled “Systems and Methods For Establishing A Diagnostic Transmission
Mode And Communicating Over the Same” filed January 8, 2001, which claims benefit of
Provisional Application Nos. 60/224,308 filed August 10, 2000 and 60/174,865 filed January

7, 2000 and incorporated herein by reference in their entirety.

Field of the Invention
[0002] This invention relates to test and diagnostic information. In particular, this

invention relates to a robust system and method for communicating diagnostic information.

Background of the Invention
(0003} The exchange of diagnostic and test information between transceivers in a
telecommunications environment is an important part of a telecommunications, such as an
ADSL, deployment. In cases where the transceiver connection is not performing as expected,
for example, where the data rate is low, where there are many bit errors, or the like, it is
necessary to collect diagnostic and test information from the remote transceiver. This is
performed by dispatching a technician to the remote site, e.g., a truck roll, which is time
consuming and expensive.
[0004] In DSL technology, communications over a local subscriber loop between a
central office and a subscriber premises is accomplished by modulating the data to be
transmitted onto a multiplicity of discrete frequency carriers which are summed to gether and
then transmitted over the subscriber loop. Individually, the carriers form discrete, non-
overlapping communication subchannels of limited bandwidth. Collectively, the carriers
form what is effectively a broadband communications channel. At the receiver end, the
carriers are demodulated and the data recovered.
[0005] DSL systems experience disturbances from other data services on adjacent
phone lines, such as, for example, ADSL, HDSL, ISDN, T1, or the like. These disturbances

may commence after the subject ADSL service is already initiated and, since DSL for
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internet access is envisioned as an always-on service, the effect of these disturbances must be

ameliorated by the subject ADSL transceiver.

SUMMARY OF THE INVENTION

[0006] The systems and methods of this invention are directed toward reliably
exchanging diagnostic and test information between transceivers over a digital subscriber line
in the presence of voicé communications and/or other disturbances. For simplicity of
reference, the systems and methods of the invention will hereafter refer to the transceivers
generically as modems. One such modem is typically located at a customer premises such as
a home or business and is “downstream” from a central office with which it communicates.
The other modem is typically located at the central office and is “upstream” from the
customer premises. Consistent with industry practice, the modems are often referred to as
“ATU-R” (“ADSL transceiver unit, remote,” i.e., located at the customer premises) and
“ATU-C” (“ADSL transceiver unit, central office” i.e., located at the central office). Each
modem includes a transmitter section for transmitting data and a receiver section for
receiving data, and is of the discrete multitone type, i.e., the modem transmits data over a
multiplicity of subchannels of limited bandwidth. Typically, the upstream or ATU-C modem
transmits data to the downstream or ATU-R modem over a first set of subchannels, which are
usually the higher-frequency subchannels, and receives data from the downstream or ATU-R
modem over a second, usually smaller, set of subchannels, commonly the lower-frequency
subchannels. >By establishing a diagnostic link mode between the two modems, the systems
and methods of this invention are able to éxchange diagnostic and test information in a
simple and robust manner.

[0007] In the diagnostic link mode, the diagnostic and test information is
communicated using a signaling mechanism that has a very high immunity to noise and/or
other disturbances and can therefore operate effectively even in the case where the modems
could not actually establish an acceptable connection in their normal operational mode.
[0008] For example, if the ATU-C and/or ATU-R modem fail to complete an
initialization sequence, and are thus unable to enter a normal steady state communications

mode, where the diagnostic and test information would normally be exchanged, the modems

NVA270909.1

Page 324 of 605



Docket No. 081513-334
-3

according to the systems and methods of this invention enter a robust diagnostic link mode.
Alternatively, the diagnostic link mode can be entered automatically or manually, for
example, at the direction of a user. In the robust diagnostic link mode, the modems exchange
the diagnostic and test information that is, for example, used by a technician to determine the
cause of a failure without the technician having to physically visit, i.e., a truckroll to, the
remote site to collect data.

[0009] The diagnostic and test information can include, for example, but is not
limited to, signal to noise ratio information, equalizer information, programmable gain setting
information, bit allocation information, transmitted and received power information, margin
information, status and rate information, telephone line condition information, such as the
length of the line, the number and location of bridged taps, a wire gauge, or the like, or any
other known or later developed diagnostic or test information that may be appropriate for the
particular communications environment. For example, the exchanged diagnostic and test
information can be directed toward specific limitations of the modems, to information
relating to the modem installation and deployment environment, or to other diagnostic and
test information that can, for example, be determined as needed which may aid in evaluating
the cause of a specific failure or problem. Alternatively, the diagnostic and test information
can include the loop length and bridged tap length estimations as discussed in copending
Attorney Docket No. 081513-000003, filed herewith and incorporated herein by reference in
its entirety. -

[0010] For example, an exemplary embodiment of the invention illustrates the use of
the diagnostic link mode in the communication of diagnostic information from the remote
terminal (RT) transceiver, e.g., ATU-R, to the central office (CO) transceiver, e.g., ATU-C.
Transmission of information from the remote terminal to the central office is important since
a typical ADSL service provider is located in the central office and would therefore benefit
from the ability to determine problems at the remote terminal without a truckroll. However,
it is to be appreciated, that the systems and the methods of this invention will work equally
well in communications from the central office to the remote terminal.

[0011] These and other features and advantages of this invention are described in or

are apparent from the following detailed description of the embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The embodiments of the invention will be described in detail, with reference

to the following figures wherein:

[0013] Fig. 1 is a functional block diagram illustrating an exemplary communications
system according to this invention; and

[0014] Fig. 2 is a flowchart outlining an exemplary method for communicating

diagnostic and test information according to this invention.

DETAILED DESCRIPTION OF THE INVENTION

[0015] For ease of illustration the following description will be described in relation

to the CO receiving diagnostic and test information from the RT. In the exemplary
embodiment, the systems and methods of this invention complete a portion of the normal
modem initialization before entering into the diagnostic link mode. The systems and methods
of this invention can enter the diagnostic link mode manually, for example, at the direction of
a technician or a user after completing a portion of initialization. Alternatively, the systerns\
and methods of this invention can enter the diagnostic link mode automatically based on, for
example, a bit rate failure, a forward error correction or a CRC error during showtime, e.g.,
the normal steady state transmission mode, or the like. The transition into the diagnostic link
mode is accomplished by transmitting a message from the CO modem to the RT modem
indicating that the modems are to enter into the diagnostic link mode, as opposed to
transitioning into the normal steady state data transmission mode. Alternatively, the
transition into the diagnostic link mode is accomplished by transmitting a message from the
RT modem to the CO modem indicating that the modems are to enter into the di.agnostic link
mode as opposed to transitioning into the normal steady state data transmission mode. For
example, the transition signal uses an ADSL state transition to transition from a standard
ADSL state to a diagnostic link mode state.

[0016] In the diagnostic link mode, the RT modem sends diagnostic and test
information in the form of a collection of information bits to the CO modem that are, for
example, modulated by using one bit per DTM symbol modulation, as is used in the C-Ratesl
message in the ITU and ANSI ADSL standards, where the symbol may or may not include a
cyclic prefix. Other exemplary modulation techniques include Differential Phase Shift
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Keying (DPSK) on a subset or all the carriers, as specified in, for example, ITU standard
G.994.1, higher order QAM modulation (>1 bit per carrier), or the like.

[0017] In the one bit per DMT symbol modulation message encoding scheme, a bit
with value 0 is mapped to the REVERBI signal and a bit with a value of 1 mapped to a
SEGUEI] signal. The REVERB1 and SEGUE] signals are defined in the ITU and ANSI
ADSL standards. The REVERBI signal is generated by modulating all of the carriers in the
multicarrier system with a known pseudo-random sequence thus generating a wideband
modulated signal. The SEGUEI signal is generated from a carrier by 180 degree phase
reversal of the REVERBI signal. Since both signals are wideband and known in advance,
the receiver can easily detect the REVERB1 and SEGUE] signal using a simple matched

filter in the presence of large amounts of noise and other disturbances

Exemplary Message Variables
Data Sent in the Diag Link
Train Type
ADSL Standard
Chip Type
Vendor ID
Code Version
Average Reverb Received Signal
Programmable gain amplifier (PGA) Gain — Training
Programmable gain amplifier PGA Gain — Showtime
Filter Present during Idle Channel Calculation
Average Idle Channel Noise
Signal to Noise during Training
Signal to Noise during Showtime
Bits and Gains
Data Rate
Framing Mode
Margin
Reed-Solomon Coding Gain
QAM Usage
Frequency Domain Equalizer (FDQ) Coefficients
'| Gain Scale
Time domain equalizer (TDQ) Coefficients
Digital Echo Canceller (DEC) Coefficients

Table 1

[0018] Table 1 shows an example of a data message that can be sent by the RT to the
CO during the diagnostic link mode. In this example, the RT modem sends 23 different data
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variables to the CO. Each data variable contains different items of diagnostic and test
information that are used to analyze the condition of the link. The variables may contain
more than one item of data. For example, the Average Reverb Signal contains the power
levels per tone, up to, for example, 256 entries, detected during the ADSL Reverb signal.
Conversely, the PGA Gain — Training is a single entry, denoting the gain in dB at the receiver
during the ADSL training.

[0019] Many variables that represent the type of diagnostic and test information that
are used to analyze the condition of the link are sent from the RT modem to the CO modem.
These variables can be, for example, arrays with different lengths depending on, for example,
information in the initiate diagnostic mode message. The syster\nS and methods of this
invention can be tailored to contain many different diagnostic and test information variables.
Thus, the system is fully configurable, allowing subsets of data to be sent and additional data
variables to be added in the future. Therefore, the message length can be increased or
decreased, and diagnostic and test information customized, to support more or less variables
as, for example, hardware, the environment and/or the telecommunications equipment
dictates.

[0020] - Therefore, it is to be appreciated, that in general the variables transmitted from
the modem being tested to the receiving modem can be any combination of variables which
allow for transmission of test and/or diagnostic information.

[0021] Fig. 1 illustrates an exemplary embodiment of the additional modem
components associated with the diagnostic link mode. In parﬁcular, the diagnostic link
system 100 comprises a central office modem 200 and a remote terminal modem 300. The
central office modem 200 comprises, in addition to the standard ATU-C components, a CRC
checker 210, a diagnostic device 220, and a diagnostic information monitoring device 230.
The remote terminal modem 300 comprises, in addition to the standard components
associated with an ATU-R, a message determination device 310, a power control device 320,
a diagnostic device 330 and a diagnostic information storage device 340. The central office
modem 200 and the remote terminal model 300 are also connected, via link 5, to a splitter 10
for a phone switch 20, and a splitter 30 for a phone 40. Alternatively, the ATU-R can operate
without a sf;litter, e.g., splitterless, as specified in ITU standard G.992.2 (G.lite) or with an in-
line filter in series with the phone 40. In addition, the remote terminal modem 300, can also

be connected to, for example, one or more user terminals 60. Additionally, the central office
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modem 200 can be connected to one or more distributed networks 50, via link 5, which may
or may not also be connected to one or more other distributed networks.

[0022] While the exemplary embodiment illustrated in Fig. 1 shows the diagnostic
link system 100 for an embodiment in which the remote terminal modem 300 is
communicating test and diagnostic information to the central office 200, it is to be
appreciated that the various components of the diagnostic link system can be rearranged such
that the diagnostic and test information can be forwarded from the central office 200 to the
remote terminal modem 300, or, alternatively, such that both modems can send and receive
diagnostic and/or test information. Furthermore, it is to be appreciated, that the components
of the diagnostic link system 100 can be located at various locations within a distributed
network, such as the POTS network, or other comparable telecommunications network.
Thus, it should be appreciated that the components of the diagnostic link system 100 can be
combined into one device for respectively transmitting, receiving, or transmitting and
receiving diagnostic and/or test information. As will be appreciated from the following
description, and for reasons of computational efficiency, the components of the diagnostic -
link system 100 can be arranged at any location within a telecommunications network and/or
modem without affecting the operation of the system.

[0023] The links 5 can be a wired or wireless link or any other known or later
developed element(s) that is capable of supplying and communicating electronic data to and
from the connected elements. Additionally, the user terminal 60 can be, for example, a
personal computer or other device allowing a user to interface with and communicate over a
modem, such as a DSL modem. Furthermore, the systems and method of this invention will
work equally well with splitterless and low-pass mulitcarrier modem technologies.

[0024] In operation, the remote terminal 300, commences its normal initialization
sequence. The diagnostic device 330 monitors the initialization sequence for a failure. If
there is a failure, the diagnostic device 330 initiates the diagnostic link mode. Alternatively,
a user or, for example, a technician at the CO, can specify that the remote terminal 300 enter
into the diagnostic link mode after completing a portion of an initialization. Alternatively
still, the diagnostic device 330 can monitor the normal steady state data transmission of the
remote terminal, and upon, for example, an error threshold being exceeded, the diagnostic
device 330 will initiate the diagnostic link mode.

[0025] Upon initialization of the diagnostic link mode, the diagnostic device 330, in

cooperation with the remote terminal 300 will transmit an initiate diagnostic link mode
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message from the remote terminal to the central office 200 (RT to CO). Alternatively, the
central office modem 200 can transmit an initiate diagnostic link mode message to the remote
terminal modem 300. If the initiate diagnostic link mode message is received by the central
office 200, the diagnostic device 330, in cooperation with the message determination device
310, determines a diagnostic link message to be forwarded to the central office 200. For
example, the diagnostic link message can include test information that has been assembled
during, for example, the normal ADSL initialization procedure. The diagnostic and/or test
information can include, but is not limited to, the version number of the diagnostic link mode,
the length of ‘the diagnostic and/or test informaﬁon, the communications standard, such as the
ADSL standard, the chipset type, the vendor identifications, the ATU version number, the
time domain received reverb signal, the frequency domain reverb signal, the amplifier
settings, the CO transmitter power spectral density, the frequency domain received idle
channel, the signal to noise ratio, the bits and gains and the upstream and downstream
transmission rates, or the like.

[0026] If the initiate diagnostic link fnode message is not received by the central
office 200, the initiate diagnostic link mode message can, for example, be re-transmitted a
predetermined number of iterations until a determination is made that it is not possible to
establish a connection.

{0027] Assuming the initiate diagnostic link mode message is received, then, for a
predetermined number of iterations, the diagnostic device 330, in cooperation with the remote
terminal modem 300 and the diagnostic information storage device 340, transmits the
diagnostic link message with a cyclic redundancy check (CRC) to the central office modem
200. However, it is to be appreciated that in general, any error detection scheme, such as bit
error detection, can be used without affecting the operation of the system. The central office
200, in cooperation with the CRC checker 210, determines if the CRC is correct. If the CRC
is correct, the diagnostic information stored in the diagnostic information storage device 340

~ has been, with the cooperation of the diagnostic device 330, and the remote terminal modem
300, forwarded to the central office 200 successfully. \
[0028] If, for example, the CRC checker 210 is unable to determine the correct CRC,
the diagnostic device 330, in cooperation with power control device 320, increases the
transmission power of the remote terminal 300 and repeats the transmission of the diagnostic
link message from the remote terminal 300 to the central office 200. This process continues
until the correct CRC is determined by the CRC checker 210.
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[0029] The maximum power level used for transmission of the diagnostic link
message can be specified by, for example, the user or the ADSL service operator. If the CRC
checker 210 does not determine a correct CRC at the maximum power level and the
diagnostic link mode can not be initiated then other methods for determining diagnostic
information are utilized, such as dispatching a technician to the remote site, or the like.

[0030] Alternatively, the remote terminal 300, with or without an increase in the
power level, can transmit the diagnostic link message several times, for example, 4 times. By
transmitting the diagnostic link message several times, the CO modem 200 can use, for
example, a diversity combining scheme to improve the probability of obtaining a correct
CRC from the received diagnostic link message(s).

[0031} Alternatively, as previously discussed, the central office 200 comprises a
diagnostic information monitoring device 230. The remote terminal 300 can also include a
diagnostic information monitoring device. One or more of these diagnostic information
monitoring devices can monitor the normal steady state data transmission between the remote
terminal 300 and the central office 200. Upon, for example, the normal steady state data
transmission exceeded a predetermined error threshold, the diagnostic information
monitoring device can initiate the diagnostic link mode with the cooperation of the diagnostic
device 300 and/or the diagnostic device 220.

{0032] Fig. 2 illustrates an exemplary method for entering a diagnostic link mode in
accordance with this invention. In particular, control begins in step S100 and continues to
step S110. In step S110, the initialization sequence is commenced. Next, in step S120, if an
initialization failure is detected, control continues to step S170. Otherwise, control jumps to
step S130. In step S130, a determination is made whether the diagnostic link mode has been
selected. If the diagnostic link mode has been selected, control continues to step S170,
otherwise, control jumps to step S140.

[0033] In step S170, the initiate diagnostic link mode message is transmitted from, for
example, the remote terminal to the central office. Next, in step S180, a determination is
made whether the initiate diagnostic mode message has been received by the CO. If the
initiate diagnostic mode message has been received by the CO, control jumps to step S200.
Otherwise, control continues to step S190. In step S190, a determination is made whether to
re-transmit the initiate diagnostic mode message, for example, based on whether a

predetermined number of iterations have already been completed. If the initiate diagnostic
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mode message is to be re-transmitted, control continues back to step S170. Otherwise,
control jumps to step S160.
[0034] In step S200, the diagnostic link message is determined, for example, by
assembling test and diagnostic information about one or more of the local loop, the modem
itself, the telephone network at the remote terminal, or the like. Next, in step S210, for a
predetermined number of iterations, steps S220-S240 are completed. In particular, in step
S220 a diagnostic link message comprising a CRC is transmitted to, for example, the CO.
Next, in step S230, the CRC is determined. Then, in step S240, a determination is made
whether the CRC is correct. If the CRC is correct, the test and/or diagnostic information has
been successfully communicated and control continues to step S160. ¢
[0035] Otherwise, if step S210 has completed the predetermined number of iterations,
control continues to step S250. In step S250, the transmission power is increased and control
continues back to step S210. Alternatively, as previously discussed, the diagnostic link
message may be transmitted a predetermined number of times, with our without a change in
the transmission power.
{0036] In step S140, the normal steady state data transmission is entered into between
two modems, such as the remote terminal and the cental office modems. Next, in step S150,
a determination is made whether an error threshold during the normal steady state data
transmission has been exceeded. If the error threshold has been exceeded, control continues
to step S170. Otherwise, control jumps to step S160. In step S160, the control sequence
ends.
[0037] As shown in Fig. 1, the diagnostic link mode system can be implemented
either on a single program general purpose computer, a modem, such as a DSL modem, or a
" separate program general purpose computer having a communications device. However, the
diagnostic link system can also be implemented on a special purpose computer, a
programmed microprocessor or microcontroller and peripheral integrated circuit element, an
ASIC or other integrated circuit, a digital signal processor, é hardwired electronic or logic
circuit such as a discrete element circuit, a programmed logic device such as a PLD, PLA,
FPGA, PAL, or the like, and associated communications equipment. In general, any device
capable of implementing a finite state machine that is capable of implementing the flowchart
illustrated in Fig. 2 can be used to implement a diagnostic link system according to this

invention.
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[0038] Furthermore, the disclosed method may be readily implemented in software
using object or object-oriented software development environments that provide portable
source code that can be used on a variety of computer, workstation, or modem hardware
platforms. Alternatively, the disclosed diagnostic link system may be implemented partially
or fully in hardware using standard logic circuits or a VLSI design. Other software or
hardware can be used to implement the systems in accordance with this invention depending
on the speed and/or efficiency requirements of the systems, the particular function, and a
particular software or hardware systems or microprocessor or microcomputer systems being
utilized. The diagnostic link system and methods illustrated herein however, can be readily
implemented in hardware and/or software using any known or later developed systems or
structures, devices and/or software by those of ordinary skill in the applicable art from the
functional description provided herein and with a general basic knowledge of the computer
and telecommunications arts.

[0039] Moreover, the disclosed methods can be readily implemented as software
executed on a programmed general purpose computer, a special purpose computer, a
microprocessor, or the like. In these instances, the methods and systems of this invention can
be implemented as a program embedded on a modem, such a DSL modem, as a resource
residing on a personal computer, as a routine embedded in a dedicated diagnostic link system,
a central office, or the like. The diagnostic link system can also be implemented by
physically incorporating the system and method into a software and/or hardware system, such
as a hardware and software systems of a modem, a general purpose computer, an ADSL line
testing device, or the like.

{0040] It is, therefore, apparent that there is provided in accordance with the present -
invention, systems and methods for transmitting a diagnostic link message. While this
invention has been described in conjunction with a number of embodiments, it is evident that
many alternatives, modifications and variations would be or are apparent to those of ordinary
skill in the applicable arts. Accordingly, applicants intend to embrace all such alternatives,
modifications, equivalents and variations that are within the spirit and the scope of this

invention.
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What is Claimed is:

1. A diagnostic link system for communicating data between modems using
multicarrier modulation comprising:

an initiate diagnostic mode trigger that instructs a transmitting modem to
forward an initiate diagnostic mode message to a receiving modem,;

a message determination device that determines a diagnostic link message; and

a receiving modem diagnostic device that receives the diagnostic link message
and determines the accuracy of the diagnostic link message.

2. The system of claim 1, further comprising a power control device that
increases a transmission power of the diagnostic link message if the received diagnostic link
message is inaccurate.

3. The system of claim 1, wherein the diagnostic link message is re-transmitted
at least one time.

4. The system of claim 1, wherein the diagnostic link message comprises at least
one of test and diagnostic information.

5. The system of claim 4, wherein the diagnostic link message comprises at least
one of a version number of a diagnostic link mode, a length of the diagnostic information, a
communications standard, a chipset type, one or more vendor identifications, an ATU version
number, a time domain received reverb signal, a frequency domain reverb signal, an amplifier
setting, a CO transmitter power spectral density, a frequency domain received idle channel, a
signal to noise ratio, bits and gain information, and upstream and downstream transmission
rates. '

6. The system of claim 1, wherein the accuracy is determined based on at least
one of an error detecting scheme, a bit error detection and a cyclic redundancy check.

7. The system of claim 1, wherein the trigger is based on at least one of an
initialization failure, a bit rate failure, a CRC error in an initialization message, a CRC error
during a normal steady state transmission mode, a forward error correction error, a user
request, a central office modem request and a remote terminal modem request.

8. The system of claim 1, wherein the transmitting modem completes a portion
of a modem initialization sequence before forwarding the initiate diagnostic mode message.

9. The system of claim 1, wherein the transmitting modem is at least one of a

central office modem and a remote terminal modem.
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10. The system of claim 1, wherein the receiving modem is at least one of a
central office modem and a remote terminal modem.

11. A method for communicating data between modems using multicarrier
modulation comprising:

instructing a transmitting modem to forward an initiate diagnostic mode
message to a receiving modem;

determining a diagnostic link message;

transmitting the diagnostic link message; and

determining the accuracy of the transmitted diagnostic link message.

12. The method of claim 11, further comprising increasing a transmission power
of the diagnostic link message if a received diagnostic link message is inaccurate.

13. The method of claim 11, further comprising re-transmitting the diagnostic link
message at least one time.

14. The method of claim 11, wherein the diagnostic link message comprises at
least one of test and diagnostic information.

15. The method of claim 14, wherein the diagnostic link message comprises at
least one of a version number of a diagnostic link mode, a length of the diagnostic
information, a communications standard, a chipset type, one or more vendor identifications,
an ATU version number, a time domain received reverb signal, a frequency domain reverb
signal, an amplifier setting, a CO transmitter power spectral density, a frequency domain
received idle channel, a signal to noise ratio, bits and gain information, and upstream and
downstream transmission rates.

16. The method of claim 11, wherein the accuracy is determined based on at least
one of an error detecting scheme, a bit error detection and a cyclic redundancy check.

17. The method of claim 11, wherein the initiate diagnostic mode message is
based on at least one of an initialization failure, a bit rate failure, a CRC error in an
initialization message, a CRC error during the normal steady state transmission mode, a
forward error correction error, a user request, a central office modem request and a remote
terminal modem request.

18. The method of claim 11, further comprising completing a portion of a modem
initialization sequence before forwarding the initiate diagnostic mode message.

19. The method of claim 11, wherein the transmitting modem is at least one of a

central office modem and a remote terminal modem.
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20. The method of claim 11, wherein the receiving modem is at least one of a

central office modeim and a remote terminal modem.

21. A method for communicating data between modems using multicarrier

modulation comprising:

receiving an'initiate diagnostic mode message;

determining a diagnostic link message;

transmitting the diagnostic link message; and

at least one of increasing a transmission power of the diagnostic link message
if the received diagnostic link message is inaccurate and re-transmitting the diagnostic link
message at least one time.

22. The method of claim 21, wherein the diagnostic link message comprises at
least one of test and diagnostic information.

23. The method of claim 22, wherein the diagnostic link message comprises at
least one of a version number of a diagnostic link mode, a length of the diagnostic
information, a communications standard, a chipset type, one or more vendor identifications,
an ATU version number, a time domain received reverb signal, a frequency domain reverb
signal, an amplifier setting, a CO transmitter power spectral density, a frequency domain
received idle channel, a signal to noise ratio, bits and gain information, and upstream and
downstream transmission rates.

24, The method of claim 21, wherein the accuracy is determined based on at least
one of an error detecting scheme, a bit error detection and a cyclic redundancy check. i

25. The method of claim 21, wherein the initiate diagnostic mode message is
based on at least one of an initialization failure, a bit rate failure, a CRC error in an
initialization message, a CRC error during the normal steady state transmission mode, a
forward error correction error, a user request, a central office modem request and a remote
terminal modem request.

26. The method of claim 21, further comprising completing a portion of a modem
initialization sequence before forwarding the initiate diagnostic mode message.

27. The method of claim 21, wherein a transmitting modem is at least one of a
central office modem and a remote terminal modem.

28. The method of claim 21, wherein a receiving modem is at least one of a

central office modem and a remote terminal modem.
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29. A method for communicating data between modems using multicarrier

modulation comprising;:

receiving an initiate diagnostic mode message;

determining the accuracy of a received diagnostic link message; and

receiving at least one of an increased transmission power diagnostic link
message if the received diagnostic link message is inaccurate and a re-transmission of at least
one of the diagnostic link messages.

30. The me\thod of claim 29, wherein the diagnostic link message comprises at
least one of test and diagnostic information.

31. The method of claim 30, wherein the received diagnostic link message
comprises at least one of a version number of a diagnostic link mode, a length of the
diagnostic information, a communications standard, a chipset type, one or more vendor
identifications, an ATU version number, a time domain received reverb signal, a frequency
domain reverb signal, an amplifier setting, a CO transmitter power spectral density, a
frequency domain received idle channel, a signal to noise ratio, bits and gain information, and
upstream and downstream transmission rates.

32. The method of claim 29, wherein the accuracy is determined based on at least
one of an error detecting scheme, a bit error detection and a cyclic redundancy check.

33. The method of claim 29, wherein the initiate diagnostic mode message is
based on ét least one of an initialization failure, a bit rate failure, a CRC error in an
initialization message, a CRC error during the normal steady state transmission mode, a
forward error correction error, a user request, a central office modem request and a remote
terminal modem request.

34. The method of claim 29, further comprising completing a portion of a modem
initialization sequence before receiving the initiate diagnostic mode message.

35. An information storage media comprising information for communicating data
between modems using multicarrier modulation comprising:

information that instructs a transmitting modem to forward an initiate
diagnostic mode message to a receiving modem;

information that determines a diagnostic link message;

information that transmits the diagnostic link message; and

information that determines the accuracy of the transmitted diagnostic link

message.
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36. An information storage media comprising information for communicating data
between modems using multicarrier modulation comprising:
information that receives an initiate diagnostic mode message;
information that determines a diagnostic link message;
information that transmits the diagnostic link message; and
information that at least one of increases a transmission power of the
diagnostic link message if the received diagnostic link message is inaccurate and re-transmits
the diagnostic link message at least one time.
37. An information storage media comprising information for communicating data
between modems using multicarrier modulation comprising:
information that receives an initiate diagnostic mode message;
information that determines the accuracy of a received diagnostic link
message; and
information that receives at least one of an increased transmission power
diagnostic link message if the received diagnostic link message is inaccurate and a re-
transmission of at least one of the diagnostic link messages.
38. A method for communicating diagnostic information between DSL modems
using multicarrier modulation comprising:
completing a portion of a modem initialization sequence;
transmitting an initiate diagnostic communication mode message to a
receiving modem;
entering a diagnostic communications mode based on at least one of an
initialization failure, a bit rate failure, a CRC error in an initialization message, a CRC error
during the normal steady state transmission mode, a forward error correction error, a user
request, a central office modem request and a remote terminal modem request; and
transmitting a diagnostic link message comprising at least one of a version
number of a diagnostic link mode, a length of the diagnostic information, a communications
standard, a chipset type, one or more vendor identifications, an ATU version number, a time
domain received reverb signal, a frequency domain reverb signal, an amplifier setting, a CO
transmitter power spectral density, a frequency domain received idle channel, a signal to
noise ratio, bits and gain information, and upstream and downstream transmission rates.
39. The method of claim 38, further comprising re-transmitting the diagnostic link

message at least one time.
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40. The method of claim 38, further comprising increasing a transmission power
of the diagnostic link message.

41. A method for communicating diagnostic information between DSL modems

using multicarrier modulation comprising;:
completing a portion of a modem initialization sequence;
receiving an initiate diagnostic communication mode message;
entering a diagnostic communications mode based on at least one of an
initialization failure, a bit rate failure, a CRC error in an initialization message, a CRC error
during the normal steady state transmission mode, a forward error correction error, a user
request, a central office modem request and a remote terminal modem request;
receiving a diagnostic link message comprising at least one of a version
number of a diagnostic link mode, a length of the diagnostic information, a communications
standard, a chipset type, one or more vendor identifications, an ATU version number, a time
domain received reverb signal, a frequency domain reverb signal, an amplifier setting, a CO
transmitter power spectral density, a frequency domain received idle channel, a signal to
noise ratio, bits and gain information, and upstream and downstream transmission rates.
42, The method of claim 41, further comprising receiving a re-transmitted
diagnostic link message at least one time.
43. The method of claim 41, further comprising receiving an increased

transmission power diagnostic link message.
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ABSTRACT OF THE DISCLOSURE

[0041] Upon detection of a trigger, such as the exceeding of an error threshold or the
direction of a user, a diagnostic link system enters a diagnostic information transmission
mode. This diagnostic information transmission mode allows for two modems to exchange
diagnostic and/or test information that may not otherwise be exchangeable during normal
communication. The diagnostic information transmission mode is initiated by transmitting an
initiate diagnostic link mode message to a receiving modem accompanied by a cyclic
redundancy check (CRC). The receiving modem determines, based on the CRC, if a robust
communications channel is present. If a robust communications channel is present, the two
modems can initiate exchange of the diagnostic and/or test information. Otherwise, the
transmission power of the transmitting modem is increased and the initiate diagnostic link
mode message re-transmitted to the receiving modem until the CRC is determined to be

correct.
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METHOD AND APPARATUS FOR
DIGITAL SUBSCRIBER LOOP QUALIFICATION

Technical Field

The present invention relates to digital subscriber loop technology and, more
specifically, to fhe qualification of existing twisted pair copper loops for digitai '
subscriber loop service.
Background Art

Digital subscriber loop technology is the digital encoding of all information -
transmitted on the local loop, i.e., the connection between a customer’s premises
(home, office, etc.) and a telecommunications provider's central office serving the
customer’s premisés. Most existing local loops in the United States and throughout
the world are twisted pair copper loops, originally designed for analog service, or
plain old telephone service (POTS). With digital subscriber loop technology, high
speed access to the Internet, advanced telephony functions, and multimedia’ser»vices
is‘possible over the twisted pair copper access network. Digital subscribér systems
can provide data from speeds of 64 kb/second in both upstream and dowhstream
directions to over 10 Mb/second in a single direction. Digital subscriber loop |
technology, often referred to as “xDSL” where x stands for any of a number of
letters, includes the following: ] ’

ADSL, Asymmetric Digital Subscriber Loop

VDSL, Very High-Speed Digital Subscriber Loop

HDSL, High Data Rate Digital Subscriber Loop .

SDSL, Symmetric Digital Subscriber Loop

IDSL, ISDN-based Digital Subscriber Loop

RADSL, Rate Adaptive Digital Subscriber Loop

ISDN, Integrated Digitél Service Network ‘
Some of these digital subscriber loop technologies (e.g., HDSL, ISDN, and in '
parﬁcular ADSL) have been stand'flrdized by various standards bodies with respect
to modulation formét, bandwidth, and embedded operations channels, while others

have not been standardized and are available from different vendors in a wide
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variety of modulation formats, upstream/ddwnstream bandwidths, and operation'
channels. ' . o

As illustrated in Figure 1, digital subscriber loop technology consists of ‘two :
terminal endpoints (TEs) 10 and 20, which provide conversion, modulation,

‘ transmission, and reception of data, and copper loop 30 connecting TEs. 10 and 20.
TE 10 is typically owned and operated by the service provider, while TE 20is
typically at the customer’s premises. In the United States, TE 20 is typically owned
or rented by the customer, while in most othey parts of the world TE 20 is typically

“owned and operated by the service provider. In addition, the digital subscﬁber loop

- topology can include terminal equipment, such as a repcatcr; between the two -
terminal endpoints to provide additional network ﬂcxibility or tovbbo_ost signal '
strength and transmission distances. For example, Figure 2 illustrates network
terminal 70 in copper loop 60 between TEs 40 and 50.

Digital subscriber loop services, however, cannot be carried over all twisted
pair copper loops that support POTS service. The various digiteﬂ subscriber loop
technologies have complex (real and imaginary) signal attenuation res'triétidns that
depend upon downstream (to the customer) and upstream (from the customer)
bandwidth, modulation format, and receiver sensitivity for a part.icular— chip set used
by a vendor terminal endpoint equipment. Signal attenuation itself depends .on
several factors, including the length and gauge of the copper wires contained in the '
loop, the environment in which the copper'wires are plaéed (including température
variations), and the quality of connections (e.g., splicés and terminal connections)
that attach the different sections of wire contained in a given loop. Digitél

“subscriber loop technologies also have restrictions on <loop topology, such as the
position and number of bridge taps and load coils, and restrictions on services
provided in adjacent copper pairs in the same binder group (i.e., a group of twisted
pairs bundled together) because of crosstalk between pairs and overlépping
frequency spectrums:

Figure 3 illﬁsrrates a typical copper loop between central office (CO) 80 and
terminal endpoint 82, made up of séveral different lengths of wire of different

gauges spliced together. One leg of the loop terminates at terminal endpoint 82,
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while two other legs are unterminated, resulting in bridge taps 84 and 86. The Ioop
in Figure 3 also includes two load coils, 88 and 90, as well as cross connect 92.

As an example of loop topology requirements, a loop is restricted to less than -
approximately 5.25 km of 24 gauge wire when the digital service is provided at the
rate of 1.5 Mb/second downstream and 80 kb/second upstream for a commonly
available chip sent that uses carrierless amplitude phase (CAP) modulation for
ADSL. For this modulation format and bandwidth allocation, if there is an analog
carrier POTS service in the same wire binder group, the ADSL modulation will
interfere with the analog carrier, effectively destroying the POTS service. Sihﬁlaﬂy,
if there is a T1 carrier system in'the same wire binder group, the T1 service will.
interfere with the ADSL modulation, nullifying the digital subscriber service, but |
typically not affecting the T1 service. The number of copper pairs and the potential -
for crosstalk in a binder group depends on the type and manufacturer_of the copper
cable. '

Today, when a customer wishes to order a digital subscriber loop service, the
local telecommunications service provider must determine whether the customer’s
existing twisted pair copper loop can support the requested digital subscriber loop
service at the desired bandwidth. This can be a difficult and time-consuming task to
perform manually because of the many restrictions on loop topology and services
just described. All necessary data may not be available to a person trying to qualify
a loop for digital subscriber loop services, particularly because telecommunications
providers often have data in many different databases or stored in paper records.
Even if data is available, data concerning outside plant information such as loop
length and topology is often out of date. Also, certain metallic loop electrical data is
not stored in a database and can only be determined by a measurement or test
system.

It is desirable, therefore, to provide a system and methodology for
determining which digital subscriber loop technologies can be supported by a
particular twisted pair copper loop. It is more desirable to qualify a copper loop for
digital subscriber loop services on the basis of real-time electrical measurements as
well as records stored in telecommunications provider databases. It is even more

desirable to provide an automated system for digital subscriber loop qualification
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that economically determines which digital subscriber loop technologies can be

supported by a copper loop. It is also desirable to implement such a system as an

expert system containing a knowledge base of rules.

Disclosure of Invention

The present invention satisfies those desires by providing a system and

methodology for qualifying a twisted pair copper loop for digital subscriber lbop

services. The system automatically queries telecommunications provider database -

records and/or requests measurements from network switching equipment of testing

systems to obtain information regarding the twisted pair copper loop i

n question.

The system then determines which digital subscriber loop services are available for

the copper loop based on the combination of all information obtained.

A method consistent with the present invention for qualifying

a twisted loop

pair for a digital subscriber service comprises the steps of receiving as input a

unique identifier corresponding to the loop, determining a topology corresponding to

the loop, and determining whether the loop meets topology restriction

s of the digital

subscriber service. Another method consistent with the present invention comprises

the steps of receiving data corresponding to physical characteristics of the loop and

applying a plurality of rules to the data to determine whether the loop

is suitable for

the digital subscriber service:. Other methods consistent determine whether electrical

characteristics of the loop meet restrictions of the digital subscriber service and

whethér services provided on other cable pairs in the same binder group with the

loop are compatible with the digital subscriber service.

Systems are also provided for carrying out the methodologies of the present

invention.
The advantages accruing to the present invention are numerou

qualification system and method consistent with the present invention

s. A loop

reduce the -

time for determining which digital subscriber loop services a particular copper loop

supports from several hours to a few minutes. A system and method consistent with

the present invention also provide a substantially more accurate result, in part

because they use real-time electrical measurements to determine many topological

characteristics of the copper loép.
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- The above desires, and other desires, features, and advantages of the present )
invention will be readily appreciated by one of ordinary skill in the art from the
following detailed description of the preferred implementations when taken in
connection with the accompanying drawings. ‘

Figure 1 illustrates digital subscriber loop technology connecting two
terminal endpoints; ' ' ,
Figure 2 illustrates digital subscriber loop technology with network fermihal :
equipment between two terminal endpoints; ' -
Figure 3 illustrates a typical digital subscriber loop topology;
Figure 4 illustrates the architecture of a loop qualification Systcm éonsisteht
with the present invention; and ‘ ]
Figure § is'a flow ché.rt of a method for qualifying loops consistent with the
present invention. ' |
Best Mode for Carrying Out the Invention
A systém consistent with the present invention automatically qualifies |
twisted pair copper loops for digital subscriber loop services. Generally, a method
for qualifying loops for digital subscriber loop services consistent with the present
invention includes at least four types of qualification: V _ ' ‘ .
€8] Service Availability: Is the point at which the copper lobp terminates -
equipped to provide the requested digital subscriber service? '
() Length Qualification: Which digital sﬁbscriber lodp services at which
bandwidths can be provided given the length of the loop? '
3) Line Qualification: Is the loop physicaily_suitable for use by a digital

subscriber 160p technology? Is the service currently provisioned on the loop

compatible with digital subscriber loop service? 4
A 4) Are the services provided on the other twisted pairs in the same
binder group wifh the loop spectrally compatible with digital subscriber loop
services? . ‘
In order to answer these loop qualification questions, a system consistent
with the present invention combines results obtained from testing the copper loop,

results from queries of telecommunications provider database records, and

Page 355 of 605



WO 99/63427 . PCT/US99/11052

10

15

20

30

information regarding the transmission and receiver characteﬁstics of the digital
subscriber.

Figure 4 illustrates the architecture of a system for qualifying loops
con_sistcnt with the present invention, which may be implemented, for example, as
an expert system using a conventional client-server aréhitécture known in the art.
The expert system is implemented in software residing on server 100 and performs
loop qualification by combining input from a number of information sources with
‘rulés contained in knowledge base 105. Specifically, server 100 obtains information
from service availability database 110, topology database 120, facilities database
130, and metallic electrical test system 140. Databases 110, 120, and 130, and test
system 140 are typically owned and operaied by the local telecommunications
provider. It will be recognized by one skilled in the art that each database shown in
Figure 4 may actually consist of several smaller databases or, alternatively, that :
databases may be combined, since each telecommunications provider organizes its
data into databases in different ways. Server 100 interfaces to the databases and test
system via a suitable communications protocol such as IP or X.25, provided by
interfaces 112, 122, 132, and 142. Server 100 additionally includes software han’ciler
modules for receiving and processing inférmatioh obtained from databases 1 10, 120,
and 130, and test system 140.

Server 100 also receives information and test> results directly from central
office switches in the local network, three of which are shown in Figure 4 as _
switches 160, 170, and 180 for illustrative purposes. Server 100 is coupled to switch -
:server 150, which is coupled to switch queues 164, 174, and 184, corresponding to
switches 160, 170, and 180, respectively. Switch queues 164, 174, and 184 access
data from switches 160,170, and 180 via interfaces 162, 172, and 182, respectively.
It will be recognized by one skilled in the art that switch server 150 need not be
separate from server 100.

Consistent with the present invention, a user may access server 100 through
eithér the graphical user interface of client 194, e.g., a World Wide Web-based
client, or character interface 190, e.g., a VT100 character interface. Regardless of
the interface used, a user will typically enter a unique number (e.g., a telephone

‘directory number (TDN) or an P address) or identifier (e.g., a circuit identifier) V
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associated with the copper loop for which qualification is desired. A system
consistent with the present invention also includes batch server 192, which allows
qualification of numerous loops to be performed in batch, and database server 196
for storing results in results database 198.

Figure 5is a flow .chart illustrating a method for qﬁalifying loops for digital
subscriber loop services consistent with the present invention. Consistent with an

embodiment of the present invention, the method is performed by software residing

on server 100. The prbcess begins by receiving as input a unique identifier

corresponding to the copper loop to be qualified for digital subscriber services (step
200). The unique identifier .may be a telephone directory number (TDN) as shown
in Figure 5, or any other unique identiﬁer such as an IP address or a circuit
identifier. Also, server 100 may receive the identifier from any input source,
including character interface 190 or web interface 194 (if a human user is accessihg
the system through an interface) and batch server 192 (if several qualification

requests have been entered for batch processing). Most of the remaining steps in the

' process use the unique loop identifier to retrieve information regarding the loop.

_ Once receiving a loop identifier, the qualification process.continues by -~
determining whether digital subscriber loop services are available for the loop (step

210). Consistent with the present invention, the server makes this determination by

" querying service availability database 110 to determine whether the local

telecommunications provider provides xDSL services from the office serving the
customer’s location. If xDSL service is not available, loop qualification terminates.
If xDSL service is available, processing continues to step 220. In an alternate
method consistent with the present invention, the server may choose to continue the
loop qualification process although xDSL service is not available.

Next, the process determines whether the loop is on a working pair (step
220) by querying facilities database 130. Some measurement tests performed by a
loop qualification method consistent with the present invention require that the loop
be on a working pair. If the loop is not on a working pair, the server either
terminates loop qualiﬁcdtion (as shown in Figure 5) or chooses to continue loop

qualification, although not all tests will be available for the loop. Alternatively, the
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loop may be temporarily assigned to line equipment and a test humber so that loop
qualification may be performed.

If loop qualification continues, the server determines whether the current

service on the loop is compatible with xDSL service (step 230). For,exanvlple, in the

United States the current service cannot be T1 or ISDN. Consistent with the present
invention, the server performs this step by querying facilities database 130. As

discussed abové, it should be apparent to one skilled in the art that, although the:

queries in steps 220 and 230 both access databaécs with information regardiqg

facilities, the facilities database shown in Figure 4 (database 130) may,consist'of

- several smaller databases, so that the queries of steps 220 and 230 access two

different, smaller databases. If the current service is not compatible, loop
qualification ends. If the current service is compatible, then flow proceeds to several
data collection steps. In an alternate method consistent with the present invention,.
the server may choose to continue the loop qualificatioh process although the current
service is not compatible with xDSL service. ' -

A method consistent with the present invention performs some or ali of data
collection steps 240, 250, 260, and 270. These steps are not nec_eséarily per_f_ofmed
ina paﬁicular order, and‘ some steps may be performed simultaneously. -For
example, Figure 5 shows steps 240 and 250 being performed at the same time as
steps 260 and 270. Each of these steps involves obtaining information ébout the
loop to be qualified from a database or a test or measurement system in the network,
and all of the information obtained is used as input to step 280, which applies a
plurality éf rules to the information to model the response of the network and
determine which digital suBscn'ber services are available on the loop. »

In step 240; the server queries topology database 120 using the unique loop
identifier (e.g., TDN or IP address) to obtain a variety of loop topology data. In
particulhr, the server requests length and gauge of wire on the loop fbr each lodp’
segment, cable type, the location of load coils on the loop, and the location and
length of bridge taps on the loop. For example, the loop topology shown in Figure 3
is an example of data that may be obtained from topology database 120. As 7 4
described above, topology database 120 may consist of several smaller databases,

each of which contains different information. Step 240 may also include a qv.iery of
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a separate database (not shown in Figure 4) that stores recent Iﬁeasurements of the
loop length. This data may be more accurate than a topology database operated by .
the telecommunications provider for storing many different types of loop topblogy
data. » o

Referring again to Figure 5, in step 250 the server queries facﬂities database
130 using the unique loop identifier to determine the services on other cable pairs in -
tiie saine binder group as the loop to be qualified. This information will be used in
step 280 to determine whether xDSL services are spectrﬂly compatible with the
services qn the other cable >pairs in the binder so that crosstalk will not degrade -
service quality. '

In step 260, the server requests measurements from metallic electrical test

* system 140, which is a remote test system such as 4TEL, manufactured by ' _

Teradyne, Inc., or Mechanized Loop Test (MLT), manufactured by Lucent
Technologies. Consistent with the present invention, the server requests a measure

of loop length ‘and/_of loop capacitance, which can be converted to loop length usiné

- ‘a known mathematical relationship. The server also requests measures of

longitudinal balance and wideband and narrowband electrical ingress which will be
used in 'stcp 280 to determine the suitability of the loop for digital subscriber loop

services. As described earlier, tests in step 260 may not be'performed if the loop is

“not on a working pair.

In step 270, the server requests a load coil detection measurement to

determine if there are any load coils in the loop. This measurement can be

‘performed zit the end office switch at which the loop terminates (e.g., switch 160,

170, or 180 in Figure 4) or by metallic electrical test system 1‘40. If the sefver

obtains the measurement from the switch, switch server 150 receives measurements

from queues 164, 174, and 184, and controls server 100’s access to switch
measurements. Examples of load coil detection measurements known in the art are
a swept frequency mcasuremént and a time domain reflectometry measurement. As
descirbed earlier, tests in step 270 may not be performed if the loop isnotona
working pair. ,

All of the information obtained in steps 240, 250, 260, and 270 from

“database queries and test and measurement systems is input to step 280. Consistent
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with the present invention, in step 280 an expert system resident on server 100
combines the results of steps 240, 250, 260, and 270 with a plurality of qualiﬁcation

rules from knowledge base 105 and information on network equipment storedina . -

database (not shown for the sake of clarity) to model the response of the network for

the various digital subscriber loop services available to the subscriber. The expert
system also determines, for each of the available digital subscriber loop services
(e.g., ADSL, VDSL, etc.), how much bandwidth can 'be supported in bbth upstream
and downstream directions. | " ' s

Consistent with the present invention, the qualification rules in knowledge

- base 105 are not limited to any particular set. The rules may range from the simple .

(e.g., a loop with one or more load coils does not qualify for a digiial subscriber loop
service) to the more complex (e.g., for a certain type of terminal equipmentanda . .
particular digital subscriber loop service with given upstream and dowﬁstréam
bandwidth, a combination of wire length and gauge limits can be calculated

according to mathematical relationships to satisfy given signal dttenuation and/or bit

"error rate requirements).

Consistent with the present invention, there may be a conflict between data
retrieved from a database and data measured in real-time using a measurement
system or test system. In such cases, knowledge base 105 can also include rules for

reconciling the differences. For example, if data retrieved from a database is known

" not to have been updated recently, then a qualification method consistent with the

present invention would re]y on measured data, which may be more accurate. -

The ultimate output of a system consistcnt with the present invention is a list
of digital subscriber loop service packages that the lodp can-support. For a '
particular type of xDSL service (e.g., ADSL), there may be multiple packages, each
of which defines a different class of service, including upstfeam and downstream
bandwidth. For example, a loop may be able to support an ADSL paékage'with'
downstream/upstream bit rates of 640k/272k, but the same loop may not support
ADSL with bit rates of 640k/680k because of the loop léngth and topology.

Alternatively, a system consistent with the present invention may determine whether

‘aloop can support a specified digital subscriber loop service with given upstream

and downstream bandwidths. In this case, the system user may enter the service

Page 360 of 605



10

WO 99/63427 PCT/US99/11052

11

type and bandwidth desired. In addition to simply listing qualified services, the

system may provide the user with diagnostic information explaining why a particular

“decision was reached.

It will be-apparent to those skilled in this art that various modifications and
variations can be made- to the loop qualiﬁcativon scheme of the present invention
without departing from the spirit and scope of the invention. Other embodiments of
thé invéntion will be apparenf to those skilled in this art from consideration of the
spcciﬁcatioh and practice of the invention disclosed herein. In particular, the
method is not limited to implementation in a client/server architecture or as an
expért system. Nor is the invention limited to the user interfaces described. For
example, a machine application program interface can provide access to the system
frorh another system or as part of a larger provisioning system. A method consistgﬁt
with the present inveﬁtion can also be used to qualify loops for other services whose
qualification requires access to database and/or real-time measurements. It is
intended that the specification and examples be considered exemplary only, with the

true scope and spirit of the invention being indicated by the following claims.
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“Claims

1. A method for qualifying a twisted pair loop for a digital subscriber -

service having loop topology resﬁctions, the method comprising the: steps of:

receiving a unique identifier corresponding to the loop;

identifying a topology'corresponding to the identified loop; and -

determining whether the identified loop meets the loop topology restrlcuons

of the digital subscnber service based on the identified topology. .

2. The method of claim 1 further mcludmg the step of computmg a

bandwidth that can be supported on the loop in respome to the topology.

3. The method of claim 1 wherein the identifying step includes the -

substeps of détehnining a length corresponding to the loop and determining a gauge

corresponding to the loop.

4. The method of claim 3 wherein the substep of determining a length

includes the substeps of requesting a capacitance measurement of the loop from a

metallic electrical testing system and converting the capacitance measurement into

the length.

5. The method of claim 3 wherein the substep of determining a length

includes the substep of requesting a length measurement from a metallic electrical

testing system.

6. The method of claim 3 wherein the substep of determining a length

includes the substep of querying a database containing a recent length measurement

of the loop.

7. The method of claim 3 wherein the substep of determining a length

includes the substep of querying a database containing a known length of the loop.

8. The method of claim 3 wherein the substep of determining a gauge

includes the substep of querying a topology database containing the gauge of the

loop.

9. The miethod of claim 1 wherein the loop contains a plurality of loop

segments, and wherein the identifying step includes the substeps of determining a -

length corresponding to each of the plurality of loop and segments and determining a

gauge correspoﬁding to each of the plurality of Joop segments..
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10.  The method of clalm 9 wherein the substep of determmmg a length

~ includes the substep of querying a database containing the length of each of the

plurality of loop segments.

11 ~ The method of claim 9 wherein the sﬁbstep of determining a gauge
includes the substep of querying a database cohtéining_ the gauge of each of the
plurahty of loop segments. ‘

12.. - The method of claim 1 wherein the ldennfymg step mcludes the
éubstep of Queryxng a database for the position of a bridge tap in the loop.

13. " The method of claim 1 wherein the identifying step includes the
substep of querying a database for the length of a bridge tap in the loop.

14.  The method of claim 1 wherein the identifying step includes the
subsfep of querying a database for the number of bridge taps in the loop.

15.  The method of claim 1 wherein the identifying step includes the
substep of Qﬁerying a database for the position of a load coil in the loop. »

16.  The method of claim 1 wherein the identifying step includes the
substep of querying a database for the number of load coils in the loop.

17. © The method of claim 1 wherein the identifying step includes the

substeps of requesting a load coil measurement of the loop from a test system at a

' sw1tch connected to the loop.

18.  The method of cla.lm 17 wherem the load coil measurement is a ‘

'swept frequency measurement.

19.  The method of claim 17 wherein the load coil measurement is a time
domain reﬂectomctfy measurement.

20.. A method for qualifying a thsted palr loop for a digital subscnber
servnce the method compnsmg the steps of:

recewmg a unique identifier corresponding to the loop;

identifying a first cable pair and a binder corresponding to the identified loop
having the first cable pair corresponding to the identiﬁedv loop and a second cable
pair; énd

determining whcther services provided on the second cable pair are

compatible with the digital subscriber service.
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21, The method of claim 20 whirein the identifying 'step includes ihe'" -
substep of querying a database correlating the binder to the first and second cable
pairs and services provided on the cable pairs, and wherein the dcteﬁnining step
includes the substep of querying the database. ' o _ -

22. A method for qualifying a twisted pair loop for a digital subscriber
service, the method comprising the steps of: | B

receiving a unique identifier corresponding to the loop; |

identifying a current service on the identiﬁed loop; and

determining whether the current service is compatible with the digital

" subscriber service.

23.  The method of claim 22 wherein the identifying step includes the
substep of querying a database correlating the identifier to the current service on 'th‘ev :
loop. ' , :

24.  The method of claim 22 further comprising the step of determining
whether the identifier corresponds to a working loop. . .

25. A method for qualifying a twisted pair loop for a dlgnal subscnber
service having longitudinal balance restrictions, the method comprising the steps of:

fecciving a unique identifier corresponding to the loop; '

requesting a ]ongitudinal balance measurement of the identified loop from a

metalhc electrical testing system; and

determining whether the measurement meets the restrictions.

26. A method for qualifying a twisted pair loop for a digital subscriber
service having electrical ingress restrictions, the method comprising the steps of:

receiving a uniqﬁe identifier corresponding to the loop; ‘ '

requesting an electrical ingress measurement of the identified loop from a
metallic electrical testing system; and ‘

determining whether the measurement meets the restrictions.

27. A method for qualifying a twisted pair loop for a dlgxtal subscriber
service, the method comprising the steps of:

receiving data corresponding to physical characteristics of the loop; and

applying a plurality of qualification rules 1o the data to determine whether

the loop is suitable for the digital subscriber service. -
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28.  The method of claim 27 wherein the receiving sfep includes the

substep of receiving data from a metallic loop electrical test system.

PCT/US99/11052

29.  The method of claim 27 wherein the receiving step includes the

substep of receiving data from a database.

30.  The method of claim 27 wherein the receiving step includes the

substep of receiving data from a switch connected to the loop.

31. - The method of claim 27 wherein the applying step is performed by an

expert system.

32. A method for qualifying a twisted pair loop for a telecommunications

service, the method comprising the steps of:

receiving data corresponding to physical characteristics of the loop; and

applying a plurality of qualification rules to the data to determine whether .

the loop is suitable for the telecommunications service.

33.  The method of claim 32 wherein the applying step is performed by an

expert system.

34, A system for qualifying a twisted pair loop for a digital subscriber

service having loop topology restrictions, the system comprising:

an interface for receiving a unique identifier corresponding to the loop;

means for identifying a topology corresponding to the identified loop; and

means for determining whether the identified loop meets the topology

restrictions of the digital subscriber service based on the identified topology.

35.  Thesystem of claim 34 wherein the identifyihg means includes

means for querying a database.

36.  The system of claim 34 wherein the identifying means includes

means for requesting a measurement from a test system.

37.  Asystem for qualifying a tWisted pair loop for a digital subscriber

service comprising:

means for receiving data corresponding to physical characteristics of the

loop; and

means for applying a plurality of qualification rules to the data to determine

whether the loop is suitable for the digital subscriber service.
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38, The system of claim 37 further wherein the meahs for applying
includes an expeﬁ system, the expert system including a knowlédge base containing
the plurality of qualification rules. A ‘

39. A system for qualifying a twisted pair loop for a digital sub'scriber[‘
service having loop topology restrictions, said system comprising: =

an interface for receiving a unique identifier corresponding to the loop; |

a mcmofy comprising a loop qualification program for identifying a topolog'y_'
corresponding to the identified loop, and for detefminin‘g whether the identified loop
meets the Joop topology restrictions; and , ' '

a processor for running the loop qualification program.

40. A system for qualifying a twisted pair loop for a digital subscriﬁer

* service comprising: '

an interface for receiving data corresponding to physical characteristics of
the loop; '

a memory comprising a knowledge base containing a phirality_ of rules, and a-
loop qualification program for applying the plurality of rules; and |

a processor for ruhning the loop qualification program. '
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The invention relates generally to an improved high-speed commiunications system which establishes a data link
using only a selectab! portion of the total availabl bandwidth of a channel. The present invention has particular appli-
cability to systems which use rate adaptable techniques such as the discrete multi-tone modulation (DMT) technique
and CAP for transmitting data in Digital Subscriber Lines and similar environments. By limiting the data throughput of
the link to some adjustable fraction of the total available data rate, the present invention significantly reduces hardware
costs and allows a downstream user to configure a data link whose performance is directly controllable by the process-
ing power avaitable to such user. In this manner, the system is completely forward compatible and expandable in func- -
tionality, and permits & user to increase throughput to the pomt of achlevmg full potential of 1he available channel .
bandwidth . :

R ND OF THE 1ON

Remote access and retrieval of data and information are becoming more desirable and common in both consumer
and business environments. As data and information transfer is becoming more and more voluminous and complex,
using traditional data links such as voice-band modems is too slow in speed. For example, the use of the Internet to
focate and access information is increasing daily, but the retrieval of typical graphics, video, audio, and other complex
data forms is generally unsatistyingly slow using conventional voice-band modems. In fact, the slow rate of existing dial-
up analog modems frustrates users, and commerce and interaction using the internet would have been even higher
were it not for the unacceptable delays associated with present day access technology. The ability to provide such
desired services as video on demand, television (including HDTV, video catalogs, remote CD-ROMSs, high-speed LAN
access, electronic library viewing, etc., are similarly impeded by the lack of high speed connections.

Since the alternatives to copper line technology have proven unsatisfactory, solutions to the high speed access
probiem have been focused on improving the performance of voice band modems. Voice band modems operate at the
subscriber premises end over a 3 kiHz voice band lines and transmit signals through the core switching network, the
phone company network treats them exactly like voice signals. These modems presently transmit up to 33.6 kbps over
a 2-wire telephone line, even though the practical speed only twenty years ago was 1.2 kbps. The improvement in voice
band modems over the past 20 years has resulted from significant advances in algorithms, digital signal processing,
and semiconducior technology. Because such modems are limited to voice bandwidth (3.0 kHz), the rate is bound by
the Shannon limit, around 30 kbps. A V.34 modem, for-example, achieves 10 bits per Hertz of bandwidth, a fi gure that
approaches the theoretical Shannon fimits.

There is a considerable amount of bandwidth available in copper lines, however that has gone unused by vo:ce
band modems, and this is why a proposal known as Asymmetric Digital Subscriber Line (ADSL) was suggested in the
industry as a high-speed protocol/connection alternative. The practical limits on data rate in conventional telephone line
lengths (of 24 gauge twisted pair) vary from 1.544 Mbps for an 18,000 foot connection, to 51.840 Mbps for a 1,000 foot
connection. Since a large proportion of current telephone subscribers fall within the 18,000 foot coverage range, ADSL
can make the current copper wire act like a much "bigger pipe” for sending computer bits and digital information (like
movies and TV channels), while still camrying the voice traffic. For example, an ADSL modem can carry information 200
times faster than the typical voice band modem used today.

ADSL is "asymmetric” in that more data goes downstream (to the subscriber) than upstream (back from the sub-

‘scriber). The reason for this is a combination of cost, demand, and performance. For example, twisted pair wiring cou-

pling increases with the frequency of the signal. if symmetric signals in many pairs are used within a cable, the data rate
and line length become signiticantly limited by the coupling noise. Since the preponderance of target applications for
digital subscriber services is asymmetric, asymmetric bit rate is not perceived to be a serious limitation at this time.
Therefore, the ADSL standard proposes up to 6 Mbps for downstream, and up to.640 kbps for upstream. For example,

- video on demand, home shopping, Internet access, remote LAN access, multimedia access, and specialized PC serv-

ices all feature high data rate demands downstream, to the subscriber, but relatively low data rates demands upstream.
The principal advantage is that all of the high speed data operations take place in a frequency band above the voice
band, leaving Plain Old Telephone Service (POTS) service independent and undisturbed, even if an ADSL modem fails.

ADSL further provides an economml solution for transmission of high bandwidth mformatnon over existing copper line
infrastructures.

Specifically, the proposed standard for ADSL divides the available transmlssmn bandwidth into two parts. At the
lower 4 kHz band, ordinary (POTS) is provided. The bulk of the rest bandwidth in the range from 4 kHz to about 1 MHz
is for data transmission in the downstream direction, which is defined to be from the exchange to the subscriber. The
upstream control channel uses a 160 kHz band in between. The signals in each channel.can be extracted with an
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appropriate band -pass filter.

A DMT implementation of ADSL uses the entire available 1 MHz range of a copper phone line. It merely splits the
signal into 255 separate channels, and each 4 kHz channel can be made to provide a bit rate up to the best present day
voice band (33.6 kbs) modems. This results essentially in overall performance which is equivalent to around two hun-
dred V.34 modems used in paralle! on the same line. Because each channel can be configured to a different bit rate .
according to the channel characteristics, it can be seen that DMT is inherently “rate-adaptive™ and extremely flexible for
interfacing with different subscriber equipment and line conditions.

A number of problems arise, however, in attempting to implement a full scale ADSL transceiver cost-effectively.

First, to achieve this high bit rate transmission over existing telephone subscriber loops, advanced analog front end
(AFE) devices, complicated digital signal processing techniques, and high speed complex digital designs are required.
As a result, this pushes current technology limits and imposes both high cost and power consumption. For example,
AFE devices in modem applications provide the interface between analog wave forms and digital samples for digital
hardware/software processing. in high speed modern technologies such as ADSL, AFE devices need to operate at a

" very high sampling rate and high accuracy. For example, the DMT technalogy has a spectrum of 1 MHz and requires

sampling above 50 MHz if a sigma-deita analog-to-digital (ADC) method is used. This thus requires the state-of-art
ADC technology and imposes a high cost for end users.
Second, the time domain signal in ADSL/DMT transmissions is a summation of a Iarge number of camers modu-

" lated by quadrature amplitude modulation (QAM). This typically results in a large peak-to-peak deviation. As a resut,

even though a high speed AFE is made possible, a large dynamic range and high resolution AFE is required at the
same time to minimize quantization errors. '

Third, in addition to the high sampling rate and resolution requirement for ADSL AFEs, the other hardware and soft- -

ware in ADSL environment also needs to operate at a much higher speed than current conventional modem counter-
parts. For example, to implement the DMT technology in software, a custom and dedicated digital signal process (DSP)
of a power of several hundred MIPS (millions instructions per second) is required to process many components such
as error encoding and decoding, spectrum transforms, timing synchronization, etc. As with the AFE part of the system,
this high speed requirement for the signal processing portion of ADSL also results in less fiexible, high component
costs. :
" Fourth, requiring a communications device (such as a modem) to fully supp ort the total throughput of a standard
such as ADSL may be inefficient in some cases, since many prospective users of high-speed data links may not need
to use all the available bandwidth provided by such standards. It is generally more preferable therefore to permit users
to throttie or scale the data throughput in a manner they can control, based on their particular application needs, hard-
ware cost budget, efc. For example, a full-scale ADSL system may have the performance level of 200 times conven-
tional V.34 modems, but it is apparent that even a performance improvement of 10 - 20 times than present day available
analog modems would be sufficient for many consumer applications, such as internet access and similar uses. Thus,
unlike conventional analog modems, which are available in various speeds varying generally from 14. 4 to 56 Kbps,
there are no known ADSL modems which offer scalable performance levels to users.

Fifth, in addition to the implementation challenge, the T1E1.4 ADSL standard does not specify the system interface

“and user mode!. Although various high level interface to support T1 /E1, ATM, etc. have been described, system inte-

gration with high level protocols such as TCP/IP and interface with computer operating systems have not yet been
defined. As a result, there is uncertainty how existing and future modem-based applications can work with the ADSL
technology. For example, when users run an Internet application which sends and receives data to and from an Internet
service provider (ISP), a mutually agreed protocol is required to set up a call and transfer data. Possible protocols avail-
able at various levels include ATM (asynchronous transfer mode), TCP/IP, ISDN, and current modem AT commands.
Either one of these or a possibly new protocol needs to be defined to facifitate the adoption of ADSL technology.

SUMMARY OF THE INVENTION

An object of the present invention therefore is to provide a communications system which is fully compatible with
high speed, rate adaptable protocols such as are used with ADSL, but which system is nevertheless implementable
with simpler analog font end receiving/transmitting circuitry and is thus reduced in cost and complexity; ' )

A further object of the present invention is to provide a communications system which is fully compatible with high
speed, rate adaptable modulation protocols such as used with ADSL, but which system is nevertheless implementable
with simpler digital signal processing circuitry and is thus reduced in cost and complexity; )

Another objective of the present invention is to provide a method for transmitting data within a fractional, desirable
portion of available bandwidth in a channel by modutating only a limited number of desirable sub-channel data carriers,
so that a high speed data link can be achieved that is faster, and has reduced computation and hardware demands;

Yet a further objective of the present invention is to provide a communications system with smaller peak-to-peak
deviation in the sub-channels signals, so as to reduce the dynamic range required for the front end ADC, and to mini-
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mize quantization errors.

Another objective of the present invention is to provide a high speed commumcatlons system hawng a data
throughput that is easily controllable and expandable, so that the performance range of such system can be configured
to any fractional percentage of total bandwidth available in a transmission channel, up to and including full bandwidth
use of the channel;

A related objective of the present invention is to provide a h igh speed communmuons system that is modular so
that forward compatible and expandable functionality can be incorporated flexibly and with a minimum of effort on the
part of a user of such system;

Yet a further objective is to provide a system that is compatible with high speed protocols used in ADSL, but which
is also easily adaptable to support preexisting high level data protocols, including those presently used for controlling
high speed voice band modems;

A further object of the present invention is to provide a high speed communications system that seff-calibrates its
own performance level, based on the processing power available to such system;

Anather objective of the present invention is to provide a high speed communications system that permits a user o
configure the performance parameters of such system using conventional personal computer hardware, software and
operating systems;

A further object of the present |nventlon is to provide an mtedace between a host operating syslem and a high
speed communications system that provide forward compatible and expandable functionality;

An additional aim of the present invention is to provide an improved system for concurrent confrol of conventional
voice data traffic on a POTS channel, and upstream/downstream communications on separate sub-channels; -

These objects and others are accomplished by providing a communications system that permits a host processing
device to receive selected data within a narrow bandwidth from an upstream transciever which can and normally trans-
mits a farge bandwidth analog data transmission signal through a connected channel. A channel interface circuit AFE
samples the received analog signal to generate a digital signal. Only a limited portion of the bandwidth may be sampled,
thus reducing front end complexity. A digital signal processing circuit then extracts the selected data from this limited
digital signal, which s significantly easier to process than a full bandwidth digital signal. Feedback information is pro-

. vided back to the upstream transmitter which causes the upstream transmitter to transmit downstream data thereatter

only using the limited bandwidth of the front end, and not the full bandwidth. This feedback information contains infor-

-mation about the channel that suggests to the upstream transmitter that the other bandwidth in the channel is unusable.
‘In this manner, the upstream transceiver is trained to accommodate the lower rate downstream transceiver in a manner

that nevertheless preserves protocol integrity.

In a preferred embodiment, the large bandwidth analog data transmission signal is comprised of a number of DMT
modulated sub-channels, and an anti- aliasing filter on the front end of the the downstream transceiver ensures that
only a limited number of such sub-channels are processed by a DMT signal processing core. The feedback information
consists of non-zero SNR information for the selected sub-channels, and a sub-channel blackout "mask” to eliminate
the potential use of other sub-channels. The feedback information is sent by way of a front end transmitting circuit which
transmits an upstream data transmisslon using a second frequency range different from the downstream transmission.

One implementation of the aforementioned high speed system is in a personal computer, so that the signal:
processing can be accomplished using a processor within such computer, which in a preferred embodiment is an X86
compatible processor. Another implementation of the aforementioned high speed system uses a dedicated signal proc-
essor for demodulating the selected sub-channels. This cuts down on processing overhead requirements for a host
processing system incorporating the system. In such implementations the portion of the downstream data transmission
to be processed for data extraction can be configured by a user of such systems, or alternatively, it can be dynamically
determined based on an evaluation by the digital signal processing circuit of performance characteristics of different
portions of the frequency spectrum within the bandwidth potential of the upstream transceiver.

In another variation, the data rate of a system such as described above can be increased by processing data from
an additional second limited frequency bandwidth portion of the tota! available downstream bandwidth. In a preferred
embodiment, this can be done by including a number of anti- aliasing filters in a modular bank as part of the analog front
end section, each of which passes a different frequency bandwidth portion. By making the analog front end modular,
the data rate of the overall system can be scaled in a controllable and cost-effective fashion. At the same time, each
analog front end portion can be operated at a slower sampling clock and smaller dynamic range. This results in a more

- relaxed speed requirement and smaller quantization noise at a given number of bits per sample.

The present disclosure also includes an interface to an operating system, to facilitate controlling the high speed
communications system when it is incorporated in a personal computer system. This interface ensures that the operat-
ing system treats such communications system essentially the same as other prior art voice band modems, and in a
preferred embodiment, is a device driver for the Windows NT operating shell. Finally, the present disclosure also
describes an applications program which permits a user of a personal computer to controf the performance character-
istics of the high speed communications system by setting certain system parameters when such system is incorpo- -
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rated in a personal computer system. This program includes an auto calibration routine for setting such system
parameters, or alternatively a user of such program can tailor the settings subject to confirmation of the efhcacy of such
settings based on an evaluation of the processing pawer available to such user.

Although the inventions are described below in a preferred embodiment implementing the ADSL standard, it will be
apparent to those skilled in the art the present invention would be beneficially used in any high sp ed rate-adaptable
applications.

It should be noted that while some prior art devices also have limited mechanisms for’ achieving a reducnon of nom-
inal or peak transmission speed in a channel, they only activate or implement such mechanisms as a failback response
to a failure in the channel, or because of a transmission rate reduction in the upstream transceiver. Unlike the present:
invention, such prior art modems, during an initialization process, attempt to establish the highest possible transmission-

rate achievable by the channel and the upstream transciever. In other words, any rate reduction imposed by the down- -

stream modem is typically considered an unintended and undesirable side effect of bad channel characteristics, and
not a desirable and intentional design target as set forth in the present invention. in addition, the data rate reductionin .
such modems is accomplished primarily by varying the number of bits per baud (hertz) at a fixed frequency, and norby
controlling the overall frequency spectrum of the downstream data transmission. Moreover, in such prior art systems,
no effort is made to measure, identify or use an optimal portion of the usable bandwidth or set of transmission sub-
channels. Instead, such prior art systems typically use whatever available bandwidth or sub-channels happen to be
usable at that instant in time.

Similarly, while a fixed 300 baud rate downstream modem can work with an upstream 33kbs rate modem this
arrangement is also uniike the present invention. This is because, again, the bandwidth reduction in such prior art
device is so large that it is considered commercially unusable by today's standards. Furthermore, the smaller bandwidth
modem is not compatible with, and does not support, the higher protocols of the higher bandwidth modem, which is also
undesirable from an implementation standpoint. Stated another way, unlike the present invention, the lower end modem
limitations of prior art system force the data link to be set up using a low Ievel protocol that does not take advantage of
the full capabilities of more advanced protocols.

Finally, there is no mechanism for users of either of the prior art systems noted above to expand the funchonamy '

of such modems in a controlled, flexible, and modular manner.

Ri N OF THE DRA

Figure 1 is a pictorial depnctron of the ADSL/DMT bandwidth allocation for upstream and downstream data ina
channel based on frequency division multiplexing (FDM) configuration.

Figure 1B shows the relationship between a sub -band filter and an analog to digital converter that can be used in
an analog front end (AFE) of the present invention ;
Figure 1C is a pictorial depiction of a SNR curve for a typlca| subscnber loop channel using sub-channel modula-
tion;
Figures 1D - 1G are mathematical modellings and charts that further explain the underlying physical premises of
the present invention based on DMT ; )
Figure 2 is a block diagram of a general implementation of a communications system employing the present inven-
tion, adapted for use in an ADSL environment ;
Figure 3A is a block diagram of a dedicated hardware implementation of a communications system employing the
present invention, also adapted for use in an ADSL environment;
Figure 3B is a block diagram of a mixed hardware an d software based implementation of a communications sys-
tem employing the present invention, also adapted for use in an ADSL environment;
Figure 4 is a block diagram depicting the general structure of the data pump device drlver used in the mixed imple-
mentation shown in Fig. 3;
anure 5 is a flowchart depicting the general operation of the control and applccatton mterfaoe used in the rmxed
implementation shown in Fig. 3 ;
Figure 6 is a block diagram of an implementation of a communications syslem employing the present invention,
also adapted for use in an ADSL environment, in which it is depicted how a user can modularly expand throughput
capability by adding additional AFE stages to process a greater percentage of the available bandwidth in the chan-
nel.

D DE I
While some of the concepts set forthimmediately below are well-known, a brief explanation of ADSL technology is

provided with reference to Figure 1 to facilitate an understanding of the present invention. As explained above, it is well-
knowninth arttouse DMT to effectuate the ADSL standard. In contrast to most modulation schemes, such as AM/FM
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transmissions that use one carrier, DMT uses multiple carriers to transmit data bits. Specifically, T1E1.4 ADSL stand-
ards specify an up to 255 channels for downstream transmission from the central office to subscribers and up to 31
channels for upstream transmission from subscribers to the central office. As shown in Figure 1, each camier has a
bandwidth of 4.3125 kHz. The total bandwidthis 1.1 MHz for a total of 255 channels. in the upstream direction, a "pilot”

5 tonein the approximate range of 69 kHz, is used for maintaining timing synchronization. A similar pilot tone is transmit- .
ted in the downstream direction in the vicinity of 276 kHz.
~ Since upstream and downsiream transmissions are over the same 2-pair twisted wire, they need to be separated
by either echo cancellation (EC) or frequency division muttiplexing (FDM). Echo cancellation allows simultaneous trans-
missions in both directions but requires a complex echo canceler implementation. On the other hand, FDM uses two

10 different frequency bands for separate downsiream and upstream transmissions. As shown in Figure 1, the upstream
transmission uses subchannels from channe! number 6 to 31, and the downstream transmission uses subchannels
from channel number 41 to 255. While the remainder of the discussion below focuses on an system employing FDM, it
will be appreciated by those skilled in the art that the present invention is adaptable and can be used beneﬁclally with
echo-cancellation approaches as well.

15.  As with most communication environments, the transmission bit rates for both upstream and downstream commu- -
nications in ADSL are not fixed but instead are determined by the quality of the channel. In the present invention, a

" number of well-known techniques can be used advantageously for setting up the initial data link. In general, these tech-

i niques work as follows: during initialization, the channel! quality is measured and a certain data rate (typically a number

of bits) is assigned for each DMT subchannel; thereafter, a "hand-shaking” process is used to dynamically and adap-

' 20 tively change the bit loadings (and energy levels). The latter is often necessary because (among other things) changes
may occur in the overall channel characteristics, changes in the target bit rate may be needed, or new bit dlstribuhons
in the sub-channels may be required because of degradations in one of the sub-channels.

The quality of the sub-channel response can be measured by the received signal to noise (SNR) ratio. According
to the Shannon theorem, the upper limit of the number of bits per unit Hz that can be transmitted is loga(1+SNR). There-

25 - fore, by measuring the received SNR at the receiver end, one can determine the number of bits allocated for each -
subchannel modulation. The total data throughput race achieved by the system, therefore, is simply the sum of all the
data rates of all the usable subchannels.

According to the T1 E1.4 ADSL standards, data bits are grouped and processed every 250 psec. The number of
bits that can be processed over one such time frame is the summation of the bits allocated for each subcharnel deter-

30 mined from the previous channel response measurement. For a given number of bits assigned to a certain subchanne!,
quadrature amplitude modulation (QAM) is used to convert bits to a complex value, which is then modulated by the

. subchannel carrier at the corresponding frequency.

The above is a merely a brief summary of the general operation of a typical DMT/ADSL communications system.
The general circuits used in prior art ADSL systems, the specifics of the bit/energy loading process for the sub-chan-
35 nels, the bit fine tuning process, and the details of the modulation of the sub-channels, are well-known in the art, and
- will not be discussed at length herein except where such structures or procedures have been modhed in accordance

‘with the teachings herein.
The full downstream data throughput of a typical p rior art ADSL standard transceiver approach% 6 Mbps, which
is more than 200 times the speed of conventional analog modem technology. This requirement was imposed since a

40 large part of the initial motivation to implement ADSL was to achieve high speed multimedia communications and video
teleconferencing. Nevertheless, a large number of potential users do not want or need to have such wide bandwidth
capability. For example, many potential users of ADSL (or similar high speed loops), including many who are intending

" to use such links primarily for internet access, only need to achieve downstream transmission speeds that are in the
hundreds of kilobits per second range. This data rate is in fact achievable using only a fraction of the available band-

45 width of ADSL. By processing only a fraction of the available bandwidth of the ADSL standard, the present invention
permits a limited but extremely useful ADSL modem to be impiemented with significantly less expense and complexity
than previously possible. At the same time, because the present invention has modular characteristics, the proposed
implementation of the present invention affords users an easy path to forward and upward expansion of the overall func-
tionality of their system.

50 The principle behind this aspect of the present invention is as follows: As shown in Fig. 1B, if the transmission in
the channel is restricted to a smaller bandwidth by an anti-aliasing filter 80, according to the Nyquist sampling theorem,
the sampling rate of AFE devices (such as ADC 81) that perform analog to digital conversion can be significantly .
reduced. Specifically, if the total downstream bandwidth is limited to some tractional total B Hz (in a preferred embodi-
ment using OMT in an ADSL environment, B = 20 DMT channels or about 86 kHz) as shown below, we can limit the )

55 Nyquist sampling rate to around 180 kHz. This is achievable with ADCs having greatly simplified hardware and reduced .
-performance requirements, in contrast to the fuil ADSL bandwidth approach, which processes 200 DMT channels or
900 kHz in the case of full ADSL implementation.

The total accumulated bit race of an ADSL communications system using the present invention can be calculated
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as follows. Suppose a total number of k subchannels (out of a total of M poss“ble) aretobe smponed and each channel
is allocated by bits for |ransm|ss|on The total accumulated bit rate (R) is:

R={Z.,xb;)"4kHz (bits/sec)

where 4 kHz is the framing race defined by T1E1.4 ADSL standards. If k=20 channels and the average number of bits
per channetis 6, then total bit rate (R) is approximately 480 kbits/sec. 1t can be seen that this fractional use of the ADSL
bandwidth nevertheless provides about 9 times the performance of a conventional analog 56 kbits/sec digital modem.
The benefits of this approach of the present invention are apparent. The overall performance and cost of a high speed
communications system can be scaled and controlled in direct relationship to the particular needs of particular users.
In general, the data rate supportable by (and the relative cost of) any particular implementation of the present invention
is generally determined by two factors: (1) the capacity of the AFE; and (2) the capacity of the hardware performlng the
DMT.

The capacny of an AFE is generally measured by the maximum sampling speed it can achieve. As explained
above, the sampling speed in turn determines the upper limit of the frequency band B (in kHz) that can be obtained. At
the defined channel separation of 4.3125 kHz for ADSL, the total number of subchannels that can be supported is less
than or equal to B/4.1325. A suitable ADC can be selected, therefore, based on the pamcular data rate and cost
requirements of any particular user.

The other factor that limi ts the number of subchannels (and achlevable data rate) is the processing power avanlabie
for DMT modulation and demodulation routines. For example, a variety of performance levels (achievable data rates)
are possible with well-known dedicated signal processing hardware, such as digital signal processors, as discussed in
more detail below with reference to Figure 2. Alternatively, as shown in Figure 3, if such routines are implemented pri-
marily by software and run by a host CPU, the required processing power (MIPS) generally increases directly as func-
tion of the number of subchannels that need to be processed. This is because, in general, most of the processings are’
done in serial, or a channel by channel basis. As discussed below in more detail, the present invention makes use of a

"calibration” routine for estimating the total available processing power of a users computmg system in order to set an
upper limit of the total subchannels that can be supported.

Irespective of the selection of the particu lar AFE or signal processing techmque used, however, another useful
(but not essential) aspect of the present invention is that the sub-channels with the largest signal to noise ratio (SNR)
within the passband are selected for data transmission. In other words, in the preferred embodiment of the present -
invention, those k subchannels within the passband that support the largest number of bits are used for processing. As
seen in Fig. 1C, for example, a standard two-are subscriber line typically has a SNR curve that exhibits extensive atten-
uation with higher frequencies. it can be seen roughly in this figure that while there are more than 200 sub-channels
provided for downstream transmission in ADSL, it is typically the case that 50% of the maximum data rate can be
accomplished using only a much smaller percentage (than 50%) of the sub-channels. This fact is especually useful in
considering some of the shared/ multi-channe! bandwidth embodiments discussed further below.

The present invention, therefore, permits an implementation for a high speed data communications system that
makes use of the best portion of the channel, while still being upwardly compatible and forward expandable. By these
terms, it is meant that a system constructed in accordance with the teachings herein is completely compatible with a
fully implemented version ADSL DMT modem. Moreover, it will be apparent to those skilled in the art that appropriate
modifications specific to the channel and data link protocols and standards can be made so that the present invention
‘can be advantageously employed in non-ADSL environments as well. Upward compatibility and forward expandability
refer to the fact that systems constructed with the present teachings can have data rates that are easily upgraded while
still preserving and maintaining compatibility with existing standards. For example, lower end users desiring less band-
width can achieve a satisfactory performance with a minimum of cost, and can then upgrade the performance levels of
their systems at later fime by suitable (and preferably modular) upgrades of the AFE and signal processing hard-
ware/software. _

A system constructed in accordance with the present teachings is completely compatible with the full ADSL stand-

. ardbecause of the following two aspects: According to the rate adaptation feature specified by the T1E1.4 ADSL stand-

ards, the bit rate for each sub-channel is determined initially (and preferably dynamically on an ongoing basis) by the
sub-channel SNR analysis. Specifically, an ADSL downstream receiver can inform an upstream ADSL transmitter about
the quality of the transmission; the receiver can also decide the bit rate for each sub-channel. Therefore, a downstream,
partial-channel bandwidth receiver using the present invention can (based on the speed and passband of such
receiver) supply an upstream, full-standard ADSL transmitter with information or control signals to effectuate a trans-
mission only in selected sub-channels. In'particular, in a preferred embodiment, the upstream ADSL transmitter is pro-
vided with SNR information for sub-channels outside the passband that is artificially contrived so as to suggest to the
upstream transmitter that these sub-channels are not usable. In this manner, the downstream transmission is limited to
a certain number of subchannels within the AFE and signal processing capabilities of th receiver. It can be seen, nev-

Page 378 of 605



10

20

35

40

45

50

55

EP 0 889 615 A2

ertheless, that this sch me is completely transparent to the transmitter, thereby permitting a system built in accordance
with the present teachings to be fully compatible with the ADSL standard. While not possible at this time within the.
ADSL standard, it is apparent that other high-speed data protocols may use a contro! signal, instead, to prowde for
express limiting and controf of the identity of the sub-channels transmitting information. .

As the technology improves for AFE devices and DMT implementation, the number of subchannels supported bya
system using the present invention can increase. As a result, such systems can upgrade completely to a full TIE1.4 -
ADSL implementation using a single hlgher end modular replacement APE devices, or alternatively, a numbet of lower :
end modutar AFE devices.

GENERAL EMBODIMENT OF PRESENT INVENTION,

The basic structure of the present inve ntion is depicted generally in Fig. 2. In general, the present invention canbe -
embodied in different combinations of hardware and software. The primary difference between these embodiments is
the specific implementation of the DMT core. These specific embodlments are described in more detaif below with ref-
erence to Figs. 3A and 3B.

The structure and operation of ADSL transceivers is well-known in the art, and for that reason the presem descnp
tion primarily details those aspects of such transceivers which are necessary to an understanding of the inventions
herein. As seen in Fig. 2, a channel 100 is made of a regular copper wire “loop™, and each such loop may have differing
electrical properties, fransmission lengths (sizes), varying attenuation characteristics, and a number of impairments or
interferences. Splitter 210, a conventional and well-known circuit, separates a DMT signal occupying more than 200
sub-channels from a lower end 4 kHz POTS analog signal. The latter can be used for simuitaneous voice or conven-
tional analog modem. Hybrid circuit 220 is also well-known in the art, and consists primarily of conventional transform-
ers and isolation circuitry used in a wide variety of high-speed devices interfacing to standard telephone lines. A ring
detect logic circuit 230 can aiso be implemented using accepted techniques, to alert a Control Interface 295 to the exist-
ence of a transmission signal originating from an upstream transceiver (not shown). -

The full bandwidth signal is either low passed or bandpass limited to a frequency wndth B by suitable, well-known
techniques as it passes through bandpass Filter and Analog/Digital Converter 280, so that only a fraction of the signal
in the frequency domain is passed on to Buffer and DMT Receive Core 260. Again, the only important consideration for

Subband Fitter 280 is that it must constrain the bandwidth of the incoming signal to be < B, where the sampling rate of .. -

the Analog/Digital Converter is 2 2B. This can be accomplished by using well-known filter designs. By suitable selection
of circuitry for Filter and ADC 280, the overall system cost and performance can be scaled accordingly. In a preferred
embodiment, the signal passed through Filter and ADC 280 accupies a spectrum between approximately 200 and 400 -
kHz. This selection is based primarily on an expected average performance of a typical two-wire line. it will be apparent
to those skilled in the art that different bandpass widths and regions may be more suitable or optimal for other kinds of
data links, or other kinds of multi-carrier modulation schemes.

Moreover, in some instances, while it is somewhat more expensive to implement, an adaptive or tunable filter may
be substituted, such that the target frequencies of the passband are adjustable uniquely for each new data link. In such
cases, the bandpass can be configured to coincide with the sub-channels having the highest achievabie SNR, including
the subchannels that must be supported for protacol or other system overhead reasons. Also, in some applications, the
analog-to-digital conversion may be performed by a digital signa! processor, or by the host computer and therefore, the
sampling rate can be dynamically controlled and matched to the bandpass target frequency and frequency breadth.
This feature, in turn, would assist dynamic scaling of the data throughput based on system computing power and over-
head requirements.

Furthermore, in this preferred embodiment, using a multi-carrier approach implementation for ADSL, a pilot tone at
276 kHz must be allowed within the passband. It is apparent that other protocols may require similar pilot tones, and
the design of comparable filters to achieve the functionality of Filter and ADC 280 is well within the ordinary. sk;ll of one
in the art.

DMT Receiver Core 260 i IS generally responsible for monitoring and measuring the SNR of the sub~channels falling

‘within the frequency range passed by FILTER and ADC 280, and for extracting the original data stream from the numer-

ous sub-carriers. In a preferred embodiment, Control Interface 295 receives system configuration information from a
host 298. This information may contain such parameters as target throughput rare R, target error rate, target center fre-
quencies F for FILTER and ADC 280, target frequency width B, elc. By evaluating the SNR and bit capacities of the sub-
channels computed by DMT Receiver Core 260, and taking into consideration the target data rate R, Control interface
295 can select a number k of sub-channels up to and including the total available number M of sub-channels to carry
the data stream from the upstream transmitter (not shown). The number of sub-channels that can be used for carrying
data is directly related to the bandpass frequency B as described above. In a preferred embodiment, M = 200+ (ADSL) .
and Control Interface 295 will usually configure k = 20.

For every sub channel other than the selected k sub-channels, a "mask” or blackout contn'ollfeedbad( s«gnal is gen-
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erated and transmitted by DMT Tx Core 250, Buffer 260 and DAC 230 to the upstream transceiver. This ensures that

" any subsequent data transmissions by the upstream transceiver only use the selected k sub-channels. This feedback

information is provided, therefore, irrespective of the transmitting capacity of the upstream transceiver, and even during

- times when the channel 100 is capable of supporting more than k sub-channels. In this manner, the present systemis

perceived by upstream transceiver to be compatible with protocals and performance characteristics of the upstream -
transceiver, because the upstream transmitter receives feedback information indicating merely that the two systems are
connected through a channel with substantial signal attenuation characteristics for data signals outside the k sub-chan-
nels. Based on the inherent rate adaptiveness of ADSL and other similar protocols, the upstream transceiver will auto-
matically train itself to use orily the k sub-channels predetermined by the downstream transceiver. It should be noted
that the DAC 230 and Buffer 240 in the front end transmitting circuit preferably transmit any upstream data transmis-
sions using a second frequency bandwidth different from that of the downstream data transmission. However, this is not
necessary in systems using echo-cancellation. Furthermore, in ADSL applications; the size of this bandwidth is consid-

- erably smaller, and uses only L. sub-channels, where L <M. in other xDSL applications, L may be on the same order or

larger than M. . .

Again, while the ADSL standard fixes the data error rate to be 107 |t is conceivable that other applications of the
present invention may tolerate a reduced error rate. For example, if maximum data throughput is required (i.e., the mar-
gin is less.constrained) then the largest bit capacity sub-channels within B can be selected. Alternatively, if the system
is error-performance driven and has more relaxed throughput requirements, than the 20 subchannels with the best mar-
gin are selected. A suitable combination of sub-channels can be selected by one skilled in the art based on the partic- )
ular system requirements which may vary from application to application. Moreover, Controller interface 295 may
optimize the desired sub-channel mix dynamically depending on the type of data transmitted in channel 100. For exam-
ple, streaming audio or video, or pictorial graphics, may require less integrity and error performance than other kinds of
data used by n applications programs running on host 298. The specffics of the structure, operations and techniques
used by Controller Interface 295 are not constrained by any requirements of the present |nvent¢on and can be |mple~ .
mented in various ways well-known to those seed in the art.

The operation of the remainder of the circuitry shown in Fig. 2 is also relatively straightforward and not unhke a typ-
ical multi-carrier modulation system. Control Interface 295 ensures that DMT Transmit Core 250 performs bit and
energy loading only for those sub-carriers necessary to effectuate a selected host throughput rate/error rate combina-
tion. As with the circuitry used for Filter ADC 280, the circuitry for performing the functions of DAC 230 can be imple-
mented in programmable form to allow for greater flexibility. '

Finally, while not presently supported in ADSL protocols, it is nevertheless possible that the filter in block 280 can
be eliminated entirely in some applications when the sub-channel or downstream transmission frequencies can be con-
figured through appropriate handshaking or similar procedures. In other words, if the upstream transmitter can be con-
figured to transmit using only a portion of the bandwidth available in the channel, the advantages of the present
invention can still be realized, because the ADC portion of block 280 can still be relatively less complex, since it will be
processing at a much slower sampling rate than that required for a full spectrum implementation. Moreover, such an
implementation would also yield the same commensurate savings in the DMT processing core, and reduced quantiza-
tion errors.

Some special features of the present irwen_1i0n include the fact that:

(i) unlike hardware architectures implementing a full T1E1.4 ADSL standard, the present invention uses a filter in

the front end. As mentioned earlier, the use of this filter is to allow low speed sampling by the ADC. It suitable hand-

shaking between the upstream and downstream transcievers can be effectuated to generate a reduced downt-
_stream transmission, the filter can be eliminated. .

(if) standard ring detection logic is incorporated to support existing modem features;

(i) DMT Rx core 260 is basically implemented the same way as specified by T1E1.4, but with some important dif-

terences, specifically:

" [a]dueto subband filtering and lower speed sampling, the frequency channels at the output of FFT (not shown)
in the DMT Rx Core have a frequency shift

[b] Since not all 256 subchannels are nacessarily supported by the DMT Rx Core 260, actual FFT implemen-
tation can be smaller, simpler and more cost-effective;

(iv) Control logic 295 permits the system to behave essentially like a conventional analog modem, and is used to
support necessary setup tasks such as dialing and handshaking;

(v) The use of limited bandwidth from the downstream channel reduces the need for echo-cancellation circuitry,
because there is less need for overlap between the upstream and downstream transmissions, and this further
reduces system complexity and cost;
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(vi) Because a smal|er portion of the spectrumis processed by the present mvenuon the peak~to-peak dewauon of
the downstream signal is reduced, and this helps to minimize quantization errors. .

DEDICATED HARDWARE BASED EMBODIMENT

Figure 3A illusirates an embodiment of the present invention that can be g enerally described as a dedicated hard-
ware implementation. For the present discussion of Fig. 3A, it can be assumed that those circuits having like numbered
references are the same and/or perform the same function as their counterpart in Fig. 2. For example, uniess otherwise
indicated, there is no material difference between Splitter 210 (Fig. 2)-and Splitter 310 (Fig. 3A). - .

In this embodiment, the DMT sub-channel modulation core is implemented completely in dedicated processing
hardware. For thin appliction, DMT Receiver Core 260 typically includes a digital signal processor (DSP) (not shown)
and including on-board program ROM (or other suitable memory) for storing executable microcode routines for perform-
ing bit, energy and SNR measurements of the carriers in the sub-channels. In such an embodiment, due to the power

- of the DSP, there is typically no need for processing assistance from a user’s host processor 398. This embod"ument

therefore may be advantageously employed where host processing power limitations are a consideration.

A user of a system shown in Fig. 3A can expand the functionality (i.., data throughput rate and modem features)
of such system by upgrading the DMT Receiver Core 260, and where necessary, the AFE 280 as well. The system of
Fig. 3A can be incorporated on a typical printed circuit board. By mounting or packaging the circuits usedin such blocks
in an accessible fashion, they can be replaced or supplemented much in the same way present users of personal com-
puters can upgrade their motherboards to include additional DRAM. One practical alternative, for example, would be to
have multiple available slots to accommodate new subband pass filters for passing a greater portion of the downstream
transmission to be processed by the DMT core logic. Other practncal and simple vanauons of this approach wrll be -

apparent to those skilled in the art.
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PARTIAL SOFTWARE BASED EMBODIMENT

In the above dedicated hardware embodiment, the overall speed (data throughput) can be maximized but with less
flexibility for upgrades. This is because upgrades to such a system must take the form of hardware replacements, which = -
can be more costly and difficult for the user to incorporate. On the other hand, as depicted.in Fig. 3B, a number of impor- .
tant functions of a communications system can be completely implemented in software, in an analogous fashion to what
is commonly described in the art as a "software™ modem. In this case, the overall speed of the system depends on the
user's processor power available at host 398, and only the AFE portion need be implemented in hardware.

The primary differences between the embodiments of Fig. 3A and 3B are the following: (1) implementation of DMT
modulation; (2) implementation of the control and handshaking functions; and (3) implementation of the control inter- .
face. As seen in Figures 3B and 4, DMT Receive Core 460 and DMT Transmit Core 450 are implemented in a data
pump device driver by the host system 398. In a preferred embodiment, host system 398 includes some form of muilti-
purpose microprocessor (such as an x86 type processor) running a suitable operating system (such as Windows by
Microsoft), and is capable of executing suitable low leve! drivers for the DMT modulation (Fig. 4), as well as high level
application software for implementing Control Interface 500 (Fig. 5). Host processor system 398 communicates over a
standard bus interface 385 (i.e., a PCl bus) to Front End circuitry 396 for implementing a high speed modem. As with
the circuitry in conventional analog modems, this circuitry of the present invention can be effectively incorporated on a
PC motherboard (i.e., Bus Interface 385 and Front End Circuitry 396 can be merged so that they are essentially part of
host system 398) or on a separate printed circuit board , or as a stand-alone unit physically separated from host 398.

" While this approach may not pravide as much throughput performance, it has the advantage of bemg less expensive

than the pure hardware approach of Fig. 2, and much easier to upgrade. ~
In the "software” modem implementation of Fig. 3 using a typical PC running Windows, the DMT Tx core 450, Rx
Core 460 and Control/Handshaking logic are implemented as a Windows Data Pump Device Driver 400, whlch consist

of DMT routines, associated control and handshaking codes, and an interface to kernel 480.

A more detailed characterization of a portion of host processing system 398 is depicted in Fig. 4, whlch illustrates
a preferred embodiment of a device driver 400 as it would be constituted for a computer operating system shell 480. In
the present embodiment, Microsoft Windows NT is considered, but it is understood that other comparable environments
may be used, including UNIX, Windows 95, etc. As is well-known, operating system 480 is responsible for supervising
and controlling the operation of processing system 398 and all of its associated peripheral devices. Operating system
480 also includes various interactive control and graphical application interfaces (Fig. 5) for permitting a user of
processing system 398 to run various applications programs, and to set up, control, conhgure monitor and utilize
peripheral devices such as disk drives, printers, monitors, modems and the like.

To assist operating system 480 to interact and control such peripheral devices, it is also well-known to use device
drivers, which are essentially low-levet hardware routines executed by a host processor and operati ng system. Adevice
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driver is @a memory image file or executable file that contains all the code neceséary to instruct a host processor to inter-

_face and drive a particular device within a computing system. Device driver 400 acts as an interface between an oper-

ating system 480 (in this case, Microsoft Windows NT) and hardware 396. In this case, for xample, device driver 400
supports hardware 396 (see Fig. 3B), which is embodied in a typical printed circuit board (or external device). The'
teachings herein therefore provide for a new device driver that in combination with hardware 396 operates as a "soft- -
ware” modem. In this manner, operating system 480 dlassifies this combination as an ADSL modem, or in other words,
another typical personal computer peripheral device, analogous to conventional voice-band modems. '

Generally speaking, device driver 400 works as follows: a user of processing system 398 desiring to establish a
data link to a remote site for fransmitting/receiving data initiates such link through an application program (Fig. 5). Oper-.
ating system 480 (Fig. 4) interprets and services this request by passing contro! of this fask to device driver 400, which
first generates appropriate instructions for a Device Initialization 440. In a preferred embodiment, Modem card 396 is
initialized through Bus interface 410 using conventional voice band modem control commands, so that the present
invention is compatible with preexisting applications programs written for controlling modems using operating system
480. Similarly, therefore, control and data signals are interpreted and transmitted by operating system 480 to a Serial

" Port Interface 475 so that conventional modem dialing instructions and handshaking signals can be imparted to Modem

Card 396 to establish a link through channel 100 to an upstream conventional ADSL transciever (not shown). As
explained above,. after suitable handshaking protocols have been completed, the upstream fully compatible ADSL
transceiver will begin transmitting data on all available M usable sub-channels. This downstream data is filtered by FIL-
TER/ADC 380 and at this time, information for only N sub-channels (N<=M) is temporarily held in Buffer 370. At or
before this same time, an interrupt is generated by bus interface 385 and passed through device driver bus interface
410 to alert Interrupt Service Router 415 to the existence of downstream data requiring processing. Thereafter, DMT
Receive Core 460 begins processing the downstream data stream in response to control information from ISR 415. A
demultiplexer. 465 extracts and correlates the data in the various sub-channels before passing it on to Serial Port Inter-
face 470, and back to Operating System 480. In this manner, Device Driver 400 coordinates with Modem card 396 to
effectuate a sofware modem whose performance is directly correlated to the computing power of a processor contained
within the host processing device.

As mentioned earlier, Device Driver 400 also contains control mformatwm for configuring the number and selection
of sub-channels to be used in the particular data fink established through channel 100 with the upstream transciever
during an initialization process. As also mentioned above, this control information may be self-determined by a user of
host processing system 398, or alternatively, automatically sensed and monitored by such processing system, based
on a computing performance rating for such system determined in a calibration routine. In either event, during the ini-

" tialization process (and at all times subsequent) the upstream transceiver is induced to use such sub-channels only for

35,

40

45

the ensuing data transmission. This is accomplished by transmitting SNR information that is interpreted by the
upstream transceiver as zero for all but K < N of the sub-channels of the driver selection. This data is passed under con-
trol of Operating System 480 through Serial Port 475, Framing control 455 and DMT Transmit Core 450 before being
sent out to Modem Card 396 and channel 100.

Itis understood, of course, that ADSL Modem 396 can also respond 10 a request from a remote modem for initiating .
the data fink. The process for initializing the link, nevertheless, is essentially the same as that described above. Device
driver 400 can also contain control logic for supporting typical dial-up modem operations and control codes from con-
ventional modem application programs typically implemented in voice-band modems, such as setting up Origi-
nate/Answer modes, monitoring call progress, performing modem diagnostics, configuring receivetransmit buffer sizes,
supporting facsimile transmissions, as ‘well as performing enhanced error control, data compression and flow control
between Modem Card 396 and Operating System 480. Device Driver 400 can also support other conventional “always-

" on" data link connections as desued such as may be found in typical ethernet network connections, and other dedi-

cated applications.
Given the teachings of the present invention, the general design of the above Data Pump Device Driver 400 is a
routine task well within the abilities of one skilled in the art. The specifics of such implementation are not critical or

. essential to the present inventions, and will vary from application to application according to system designer require-

ments, 50 they are not included here. Again, while this embodiment of the present invention is set out in the context of
a PC based host processor running Windows, it will be apparent to those skilled in the art that above description is
merely an exemplary implementation. The referenced DMT routines, associated control and handshaking codes can be
employed in numerous host processing/operating system environments, and in a variety of ditferent coding organiza-

- tions (high level or low level processing forms) well-known in the

In the preferred embodiment implemented using a standard PC running Windows, Control/Application interface
500 includes Win32 codes which provide standard modem utility functions and interface with Data Pump Device Driver
400. In Fig. 5, a flowchart of the operation of the Control/Application Interface 500 can be seen ., which interface is dis-
cussed in more detail below.

Anoth r particularly beneficial aspect of the embodiment of Fig. 3B is the provision of a self-determining "perform-
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ance” or calibration rating that.can be used to determine an optimal or maximum data throughput rate. In other words,
the system of Fig. 3B can automatically and adaptively configure a host system 398 o a particular throughput rate

. based on an evaluation of the availabl computing power. In a preferred embodiment, the performance rating is deter-

mined based on a calibration rouune executed by Data Pump Device Driver 400. This routine sets a timer, and counts
how many DMT frames can be processed within the given time; this gives a relative figure of merit for the particular host
system in question. For each sub-channel to be added, one DMT frame needs to be processed within a small fraction

-of 250 ps. Therefore, by incrementally increasing the sub-channe! count, the overall effect on total system processing

overhead can be determined. Control/Application Interface S00 provides the user with control to set a threshold of avail-
able host power for implementing the high speed link. Based on this threshold of available power (which can be nomi-
nally set to 20%) the number of subchannels that can be supported can be gleaned very quickdy.

~ Inviewof current technology, when DMT processing is implemented in software, the host processing power is more
likely to be the limiting factor than the frequency band of the subband fitter 80.in Figure 1B. Nevertheless, because host
processors {and especially microprocessors) are evolving in performance at a fairly rapid rare, the present invention
affords users an opportunity to realize a high speed data link with performance that is controllable, and which improves
whenever there is an upgrade in the host processing system. Since many typical present day personal computer sys-
tems have easily accessible and replaceable host processors, users of the present invention can easily and flexibly
expand and enhance the throughput and functionality of an ADSL modem. :

An example of the flow chart for an ADSL mo dem application/control program 500 designed in accordance with
the present teachings is shown in Fig. 5. With the teachings herein, a user of host processing system 398 can, for the
first time, dynamically control a forward compatible and expandable modem, such as an ADSL modem, using modem-
control applications software that is analogous to that only previously available for voice band modems. In a preferred

" .embodiment, ADSL Modem Card 396 is automatically detected by Operating System 480 and set up by initialization

routine 505 by Modem Device Driver 400. A separate detection routine 510 determines whether or not ADSL Modem

‘Card 396 has been upgraded with an additional AFE (as described generally with reference to Figure 6 befow), or alter-

natively whether a processor used in a host system has changed. The purpose of this step is primarily to determine
whether entries in a Device Parameters Table 560 need to be updated because of changes in computing power, front
end capabilities or other parameters that may necessitate a modification of the data lhroughput characterization of the
overall system when used in & communications mode.

A callibration routine 520 is then executed to determine the nominal setup parameters for the overall systemin the
manner described earlier. The results from this operation are stored in Device Paramater Table 560 where they then

- become accessible to vanous application programs that may make use of ADSL Modem Card 396 and Device Driver

400. The information stored in table 560 can include any or all of the following (a) measurements of the computing
power available to the host processor; (b) measurements of the number of frames processable by the system within a
particular time period; (c) estimations of the expected loading on the processing system based on demands of other

“applications programs and peripheral devices; (d) minimum and maximum data throughput estimations and/or targets; '

(e) data identifying the type of host processor; (f) data identifying the number and type of AFEs in ADSL Modem card
396; (g) estimations and/or target system loading rates available for a datalink (i.e., maximum available processing time

" to be used by the system during data transmission); (h) data transmit and receive buffer sizes; ( 1) interrupt or similar

priority data for the modem card; (j) estimations and/or target system sub-channel utilization; (k) estimations and/or tar-
get system sub-channel bit capacity information; etc. it will be apparent to skilled artisans that the above are just exam-
ples of the types of information that may be pertinent to the performance of a high speed communications system, and
that other parameters may be cons1dered depending on the environment, application, efc. in which the present | inven-
tion is used.

‘After performing Auto Calibration routine 520, the results of the same are presented to the user 1or acceptance and
verification at step 525. At this point, the user can accept the predetermined configuration data at step 526 (i.e., such
as proposed maximum and minimum throughput rates, loading rates, etc.) and this would otherwise invoke an end of
modem setup routine 590. Should the user not want 1o accept the recommended parameters, a Manual Configuration
routine 530 is executed. At this juncture, various system performance data can be presented to the user for review,
along with a list of modifiable system options 532. If for example, the user elects to increase the desired throughput rate,
a Verification routine 540 is then executed to determine whether such rate is reasonably sustainable within the other
parameters of the system. If the new proposed configuration data is otherwise acceptable, then the Device Parameter

. Table 560 is updated, and the setup routine again ends. Otherwise, the user is alerted by a Notification/Suggestion rou-

tine 550, which points out the failure of the proposed configuration, and, if possible, makes suggestions to the user for
modifying the system options 532 so that overall compliance can be achieved within the performance capability of the
host processing system. The program then loops back to Acceptance routine 525, and thereafter the process is
repeated until an acceptable configuration has been achieved, and any changes have been Inourporated into Device
Parameter Table 560.

Whnle some of the operatronal steps above are described as implemented solely by Operating system 480 and
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Device Driver 400, it is understood that such operations occur. under direction of modem applications program 500, or
in some cases, based on initialization routines executed by the host proc&ssing system. Moreover, to simplify the pres-
entation of the present invention, only some of the features that may be implemented are described above, and many
other well-known operational steps normally associated with setting up or monitoring modems are omitted.

As with the design of the-above Data Pump Device Driver 400, the general design of the Control/Application Inter-
face 500 required to accomplish the above functions is a routine task well within the abilities of one skilled in the art
given the teachings herein. The specifics of such implementation are not critical or essential to the present inventions,
and will vary from application to application according to system designer requirements, so they are not included here.
Again, while this embodiment of the present invention is set out in the context of a PC based host processor running
Windows, it will be apparent to those skilled in the art that above description is merely an exemplary implementation,
The referenced Control/Application Interface can be employed in numerous host processing/operating system environ-
ments, and in a variety of different coding organizations (high level or low level processing forms) weli-known in the art.

MULTIPLE AFE AND LOWER SAMPLING SPEED EMBODIMENT.

Figure 6 illustrates an example of the present invention wherein a user can achieve significantly increased data
throughput using multiple fow cost, low sampling speed AFEs, generally designated 680A, 680B, 680C, etc. As
described above, these AFEs may be in separate, modular form and configured in a bank form so that they can be
incorporated conveniently on a printed circuit board (or similar mounting) or integrated in a single IC chip. Each AFE
can be implemented in a fixed hardware configuration, or individually programmed/controlled to pass a certain portion
of the downstream data fransmission. Assuming suitable processing power is available for BMT modulation/demodula-
tion (either through a dedicated or software implementation as described above in connection with Figs. 3A and 3B) a
user of such system can achieve substantially expanded functionality by upgrades having performance characteristics
and costs of their choice.

UNDERLYING THEORY OF PRESENT INVENTION FOR ADSUDMT APPLICATIONS

A discussion of the underlying theory supporting the premise of the present invention now follows. In particular, this
section shows the mathematical foundation For the use of multiple low speed AFE's to sample a full bandwidth
ADSUL/DMT signal. it will be apparent to those skilled in the art, after reading this discussion, that the present inventions

can be advantageously used in a number of rate adaptable communlcauons environments, mcludmg CAP lrrplementa-
tions of ADSL. ‘

DMT Transmitter.

To simplify the present discussion, only a subset of the DMT transmitter is considered, as shown in Figs 1D and
1E. The combined model that includes the channel response and the DMT receiver is shown below, where only one
branch of band-pass filtering and sampling is shown for simplicity. To 'unher simplity, the channe! response and the
SFIR are combined together.

In this subsection, we analyze the signal over one band pass filtering process. The result shows that the DMT sig-
nals within the band pass can be recovered with the same use of impulse response shortening techmque With use of
multiple AFE's that cover different frequency bands, alt DMT subchannels can be recovered

IFFT

Inan ADSL environment as shown in F\Q. 1D, N (N=512) frequency domain variables are trans'forme‘dihto the time
domain by IFFT block 60 . :

N1

jeriniN
Y= Z xXqe
i=0
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Cyclic Prefix -

¢ time domain variables at the end are added to the prefix of the sequence as shown in Fig. 1D by block 70
{20z 02 cori® " 70200202000 ¢ m 2yl Nt * Y naYort * YNl

AFE/DAC
Discrete time domain sequence are converted by AFE 75 to the continuous time domain waveform as fo(lmvs:

A= ¥ 2. (0T,

Nw-00
where pry (1) is the transmitter pulse of the AFE/DAC used, and T is the trarismitter DAC clock period and equal to
T = 250usec

¢ N+c

according fo the DMT ADSL specifications.

‘Channel

With reference now to Fig. 1E, if the channel impulse response is f1.(¢), we have

u(t) = Z ZPax (1-0T,)

N=-x

where p p{1)=p () ®h (1),

Bandpass Filtering

if the bandpass filter 80 has an impuise response of
hepelt) v(th =, Y~ 2aPger (£-1T)
. : Ne-0
where p gpe(1)=P ax(N®h gor(t)
AFE/ADC
Let the sampling clockbe T, =T, x L. This means a slower sampling by a factor of L for AFE 81. Thus,

W= ¥ 2aPapr(kT, -nT;) = Z Z,pgpellkL - 01T ;)

N =-0 N=-

For causal pulsé Papr (1), we have

Wy = nz_w 2pPgpe((kL -M)T;) = nZO 2y P spr(nT )
14
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Shortening FIR (SFIR)

After AFE discrete time sampling, a time domain equalizer (TEQ) called SFIR 82 is used to reduce the combined dis-
crete time impulse response t  a duration smaller than c. It the SFIR response is hggp{n), we have
5 : .

ne =2 W iheppli)
i=0

=i[ i 2, Papr(lkL—n- iLF:‘)]hSFIR fi]

10 =0l A .

3. 2,k (kL =]

AMas

T 2 s hln]
A=)

i

where

holkL=n]= g"sm['jpprr((kl— =n—=iL]l)

Physical Meaning of hy,, [n]
25 . ' o
I we perform discrete Fourier transform at biock 84 for hy,, [n], we obtain H , [o])= H g5 [LolH gpr [0) where Hggp
[Lw) and Hgpr [w] are the DFT's with period 1/{L7,).and 1/T,, respectively. Their spectra can be illustrated as shown in
Fig. 1F for L=S.
30 Dropping Cyclic Prefix

By dropping the cyclic prefix of iength cA., at block 83 we consider only s =r,,k=0,+ + ¢ ,N,-1,where N, = N/L.

FFT '

Performing FFT at block 84 for s, k=0, » = » (N/L)-1, one obtains:

45
50
55
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N, -~}

s e-jernllN‘
[}

4,

-j2rnk I N,

- Nfl(i Zu-ihm.[i])e-jzm IN,

k=0 \ i=0

Mot a [2an (kL —i)I Ny, = fj2x0i IN
Z,Zu_-.-hm[l']e-l a( i te~ xni i

k=0 i=0

”e -l

z T -i€

i=0 k=D

e Nj-L

=2 Ty ;€
i=0 k=0

< -l H I3 . . . .
=2 i YiL-i€ ’.’2""(“"5)"”! A oo [i]e'”’""' N,
im0 k=0 .

fl

-iZRn(kL—i)/N.h [i]e-jlmu'llh
i tot

1l

- j2mn (L =DV IN, g [i]e-jzm'/iv,
o L .

where we assume hyee [7] s only nonzero for i =0, « = +,c. For a given i , let us define

r=fire];

We can then define /'=/L-i, where i'=D,...,L -1. Therefore, i=/L-i'
From the above definitions, we have

Nt N =l iy , N " "
t Ve J2mkL)I N, _ 2)’&[;—; o/ IILAVN, t Veri® j2rn(kL~)/ N,
k=0 k=0 k=

_rz" - 2 ULHVN, +"£‘ —jan(AUAWN,
= 2 Y- ‘ Y-+ .
k=0 , = S
N ks, NS ey,
= Ey(k-"+Nl)L+i'e ‘ > Vi o
kj\? N,-1- =0 !
-1 1 . .
—— —j2m( kL) N, ! = j2m(kL+7)/ N,
- = t)’u,wel ( "+ T yuwe’ '
k=N k=0 :
N~l . iy
- 2 Ve TN,
M

Therefore,
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¢ Ny-1
9 = YL =i
i=0 k=0
[’N -1

[i]e = 2%ni IN,

efJZRu(kL-i)/Nl hm

YL

L}
‘M'\

/]
o

"'.,e‘jZA’II(kL +i')IN, Jhlﬂ [i]e-jZIIni/Nl
| k=0 ' . .
N-t(N-1 _ -
2 S xje 2R L 4NN kit sivi N, By [i]e =280 1N,
=k=0 =0
No~1N-1 2 ) i
t z xse’! X(kL+i(1-n)IN Rioy [‘-]e-jZJrni/N,
:k=0 =0 )

N-l  Ny-i R (Eh s
Y x e’ "(klﬂ)(l—n)/N},,m [i)e = idmni I N,

1]
“Ma

0
)

H
M-

Il
o

o
™Mo

-
]
.o

L{=0 ~ k=0

Since

Nyt -
y 2NN o when (/- n) « mN, |
k=0 . -

we have

crL-1

n=NY | 3 xrnN.Mei?ni'mlL]hwl [l
je0lmeo .

o 12NN,

. Kno&ing that hy, [i]is zero for i <0 and i > ¢ , we have

9n=”li[l}fl

“MN.*-u‘/zmm”']h,a, [ile-jZKAil{V,

in0|{ m=0
w [ L1l - . .
=N Z [Zome.ﬁt’z”'"'”']hw, [i]e=F2mnitN,
iS— | m= .
o L-lf -1 .
=N| Z Z me‘*ner"MILJ’lwl [IL —i']e-iz“"(”-'l")lﬂ
12— i'wQ{ mu0 '
Lt L-t. PO -
= N] Zox'"”‘*" z elzl’l'l/l. Z hm [IL - "']e‘iZ”’l‘u—-i')IN
m= i'=0 ' {mee

Since
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th,[u Pl o Sy e TOLT,

I=—s

@=2mn/ NT,

=F {h.o,(t)ZS(:—uL-rm)
! ‘ a=2m/NT,

- ={x- Cror(@) @[—Zz% lza(m_%%)ejuﬁL

1 ' =2/ NT,-
=t 2\ 2/ L
1:_’2 rm(,n; lJ;)e
we have
& 2mimiIL -j27aUL=iYIN
qn=NnZXm~(+nE¢’ " Z"m[”-"]"
'ZHO uao -
=le xﬂW.*nz‘lzmm’L—l—zﬂm(n 2& )c/uhIL
MHO i'=Q
N <! ‘ ZK .Z&L J2a{lem)ii L
= Tr. Z *MI*AZHW( )Ze
=0
e
=7"‘Z EmN (+a lo:(‘zn“" )
m=0
N Lot .
=-'F‘LZ xlannHmr(TrrL("W|*ﬂ|)- n=0.., Ny =1~
=0 ¢
o :
=NIZ‘WV|M ml("‘”l"’] a=20.. Nj-1
m=0
where
Hm["] = %Hw(‘;""}-‘n). for0<n<N
‘Relationship between g, and x,,

As shown in Fig. 1G it H,[n] is a bandpass filter and nonzero only in the mtervals [k(NF2L), (k + 1)(N12L)] and [(2L

k-1)(N2L), (2L-k)(N/2L)], where 0 < k < L, the possible values of m that

Hig[m(N1L) + 1)

is nonzero for 0 s n < (NA) are as follows.
Even k

If kis even, we can have m=k/2 and 0 < n <(N/2L) so that
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H o [mNIL) +a)

is nonzero over the interval [k(leL), (k + 1)}(N2L)), and m=(L-1)-kf2 and (N/2L) < n <(NIL) so that
Hm[’“(NIL) +a]

is nonzero overb the interval {(2L-k-1){ NI2L). {2L-K)(NRL)].
Odd k

i kis odd, we can have m=(k-1)/2 and (N2L) £ n < (N/L) so that

H,, [ m(N 1L+ n)
is nonzero over the interval [k(N/2L), (k + 1)(N/2L)], and m=L-{k-1)/2 and 0 < i <(N/2L) so that

Ho{mNi L)+ n]

is nonzero over the interval [(2L-k-1)(N/2L), (2L-k)(N/2L)).
The above discussion is illustrated in Fig. 1G for L = 3.

In another variation that can be used in the present invention, similar advanlagas to those obtained by limiting
bandwidth in the received signal in the downstream transceiver ¢an be obtained by also optionally limiting the upstream
data rate of the transcelver as well. In other wards, the ADSL standard provides for 31 channels in the upstream direc-
tion, but many applications do not require this amount of bandwidth. The constraints, requirements and costs associ-
ated with the DMT modulation signal processing, and DAC 330 also can be significantly reduced by transmitting only a
sub-set of the available 31 sub-channels. The determination of the appropriate sub-channels would be accomplished
in essentially the same manner as set forth above, except that the information on upstream sub-channel SNR usually
must be determined by the upstream transceiver, and then fed back to the downstream transceiver. To save time and
overhead complexity, and given the fact that there is less variation in bit capacity in sub-channels in this frequency band,
one approach also would be to simply select a fixed sub-set of such sub-channels-without regard to their actual per-
formance characteristics. In a sottware modem environment, Control/Application software 500 would provide a user
with selectable control to effectuate a restricted upstream transmission on limited sub-channels. Again, with respect to
the ADSL standard, the only requirement in this respect is that the upstream pilot tone must also be transmitted to
establish a valid data link An optional limited "upstréam” transmission can be effectuated in a variety of ways by the cir-
cuitry already described above in connection with Figs. 2 and 3. The exact details of such trnplementatnon will be appar-
ent to those of skill in the art given the present teachings.

Although the present invention has been described in terms of a preferred ADSL embodiment, it will be apparent
to those skilled in the art that many alterations and modifications may be made to such embodiments without departing
from the teachings of the present invention. For example, it is apparent that the present invention would be beneficial -
used in any xDSL or high speed multi-carrier application environment. Other types of VLS! and ULSI components
beyond those illustrated in the foregoing detailed description can be used suitably with the present invention. Accord-
ingly, itis intended that the all such alterations and modifications be included within the scope and spirit of the invention
as defined by the following claims.

Claims
1. A high speed communications system capable of supporting a downstream data transmission from a upstream

transceiver using a analog signal consisting of M data carrying signals contained within a bandwidth F, said system
comprising:
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a channel interface circuit for coupling to and receiving said analog signal; and

a front end receiving circuit for processing the analog signal and converting it to a digital sugnal

a processing circuit for extracting N data carrying signals (N <M) from the digital signal using a first frequency
portion f1 of the digital signal (1! <F).

The system of claim 1, wherein the N data carrying sngnals are selected by the processing circuit based soasto
minimize the amount of processing required to extract the selected data from the digital signal.

The system of claim 2, wherein the N data carrying signals can be selected during a initialization process settmg
up a data link to the upstream transceiver.

The system of claim 3, wherein M data carrying signals can be sent by the upstream transmlﬂer durmg a initializa- -
tion process, and thereatter, only N data carrymg signals are sent.

The system of claim 1, wherein the front end circuit includes: (i) a sub-band filter for passing the hrst frequenc.y
bandwidth portion {1 of said bandwidth F; (ii) and an analog to dignal converter.

The systém of claim 1, wherein the selected data further includes daia obtained from an additional second ﬁe-
quency bandwidth portion 2 of said bandwidth F, so that an addmonal number of data carrying signals P from the
M data carrymg signals (N+P < M) can be processed. )

The system of claim 6, funher including one or more sub-band filters for passing the first frequency bandwidth por-
tion f1 and second frequency bandwidth ponion f2 of said bandwidth F and an analog to digital converter.

The system of claim 7, wherein a target data rate of the system can be increased by processing an addmonal
number of data carrying signais P from the M data carrying signals, where N+P <M. .

The system of claim 1, wherein the selected data'to be extracted from the bandpassed data can be controlled by a
user of such system.

10. The system of claim 9, wherein a user of such system can increase a target data rate of the system by modularty

augmenting the front end circuit to include additional bandwidth and analog to digital conversion capacity such that
an additional number of data carrying signals P from the M data carrying signals (N+P <M) can be processed.

11, The system of claim 1, further including a front end transmitting circuit for transmitting control information to cause

said upstream transceiver to transmit downstream data only using the N data carrying signals.

12. The system of claim 11, wherein the control information transmitted to the upstream transceiver includes feedback

information indicating that only N of the M data carrying signals are desirable for downstream data transm«sswn.
even during times when said channel is capable of supparting more than N data carrying signals.

13. The system of claim 12, wherein the control information transmitted 1o the upstream transceiver further includes «

feedback information indicating that: (i) the system can. support any data protocols used by said upstream trans-
ceiver; and (ii) that they are connected through a channel with substantial signal attenuation characteristics for data

signals other than the N data carrying signals.

14. The system of claim 1, further including a front end transmitting circuit for transmitting an upstream data signal

using a second frequency bandwidth F2 different from F, and L data carrying signals, and where L <M.

15. A high speed communications system for processmg an analog data signal from a channe( capabIe of supporung

M modulated sub-channels. said system comprising:
a channel interface circuit for coupling to and receiving said analog data signal from the channel;
a analog front end circuit for processing the analog data signal and convenmg ittoa dugutal sngnaj

a processing circuit for extracting data from the digital signal, the digital signal including data taken from a
number N of said sub-channels, where N is intentionally selected to have a value less than M and where N is
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negatiated with an upstream transceiver during a initialization procedure.

16. Tﬁe system of claim 15, where the N sub-channels are initially loaded with bit capacities that are left essentially
unchanged unless said channel charactenstncs vary.

17. The system of claim 15, wherein the selection of the N sub-channels can be done during the initialization proce-
dure. .

18. The system of claim 15, wherein the value of N is based on signal processing cépability of the processing circuit.

19. The system of claim 15, wherein a.target data rate of the system can be increased by processing a additional
number of sub-channels P from the M sub-channels, and where N+P <M.

20. The system of claim 15 further including a front end transmitting circuit for transmitting control information to cause
said upstream diver to transmit downstream data only using the N sub-channels.

. 21. The system of claim 15, wherein the upstream transceiver uses discrete muti-tone (DMT) modulation ‘for generat-

ing the M modulated sub-channe|s. and the channe! supports asymmetric digital subscriber loop (ADSL) transmis-
sion standards.

22. A high speed communications system for processing an analog data signal from a channel capable of supporting
M modulated sub-channels, said system comprising:

a channel interface circuit for coupling to and receiving said analog data signal from the channel;

an analog front end circuit for procos#ing the analog data slgnalland converting it to a digital signal;

a bus interface circuit for transmitting the digital signal to a host processing device, and for receiving a trans-
mission control signal from the host processing device to cause said upstream transmitter to transmit using

only from a number N of said sub-channels, where N is intentionally selected to have a value less than M, and
where N is negotiated with a upstream transceiver during a iniﬁalization procedure.

23. The system of clalm 22, wherein tha value of N is based on sagnal processing capabchiy of the host processing

device.

24. The system of claim 22, wherein a data rate of the system can be increased by processing an additional number
of sub-channels P from the M sub-channels, and where N+P <M.

25. The system of claim 22, wherein the upstream transceiver uses discrete multi-tone (DMT) modulation for generat-
ing the M modulated sub-channels, and the channel supports asymmetric digital subscriber ioop (ADSL) transmis-
sion standards. :

26. A method of processing a xDSL signal from a digitai subscriber loop, said method including the steps of:
negotiating a reduced data rate R’ for said signal between a downstream and a upstream transceiver; and
thereafter transmitting said xDSL signal from the upstream transciever to the downstream transceiver utilizing

- a number of sub-channels N to effectuate the reduced data rate R', where Nis intentionally selected to be less
than a maximum number of sub-channels M supported by said digital subscriber loop;
wherein the number of sub-channels N is based on sugnal processing capability available to the downstream
transceiver.

27. The method of claim 26, wherein the data rate of the system can be mcreased by processing an addmonal number
of sub-channels P from the M sub-channels, and where N+P <M.

28. The method of claim 26, wherein the upstream transceiver uses discrete multi-tone (DMT) modulation for generat-
ing the M sub-channels.
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29. The method of claim 26, wherein the reduced data rat R’ can be specified by a user operating the downstream
‘transceiver.

30. A high speed communications data receiver for communicating through a channel at a data rate X with a upstream
transmitter capable of transmitting a data stream at a rate Y (X<Y), the receiver comprising:

a channef interface circuit for coupfing to and receiving said data stream; and

an analog front end circuit for data sampling the analog signal and converting it to

a digital signal; and

a processing circuit for extracting selected data from the digital sagnal and for generating a transmission con-
trol signal for causing said upstream transmitter to transmit ata data rate substannally equal to said data rate
X during a data stream transmission; and

wherein data sampling requirements of the analog front end circuit and extracting of the processing circuit are
reduced because data sampling and extracting is only performed for a fractional portion of the data stream.

31. The system of claim 30, wherein the analog front end circuit further includes one or more sub-band fitters for fiter-
ing the analog data signal to generate the fractional portion of the data stream that requires data samplmg and -
extracting. .

32. The system of claim 30, further including a front end transmitting circuit for transmitting the transmission control sig-
nal from the processing circuit to cause said upstream fransceiver to transmit downstream data only at said data

rate X.

33. The system of claim 32, wherein the control information transmitted to the upstream transceiver includes feedback -
information indicating that the maximum downstream data transmission data rate is X, even during times when said
channel is capable of supporting more than said data rate X. .

34. The system of claim 30, further including a front end transmmmg circuu for transmitting an upstream data transmis-
sion using a data rate Z, where Z< Y.

35. The system of claim 30, wherein the ratio of X to Y is approximately .S or less, and this ratio can be lncreased
through modular additions to the analog front end circuit.

36. Ahighspeed commumcatlons data receiver for communicating through a channe! wnth an upstream transmitter that
) is @pable of transmitting a data signal with a particular frame rate T and data rate Y, the receiver comprising:

a channel interface circuit for coupling to and receiving said data signal; and

an analog front end circuit for sampling the data signal and converting it to a digital signal; and

a pracessing circuit that: (i) is configurable for processing the digital signal at a data rate <=X and using said
- frame rate T, where X is determined for such processing circuit prior to initialization of a data transmission and

X < Yi2; (i) generates a transmission control signal for causing said upstream ransmitter to transmit at a data

rate no greater than X during a data transmission;

wherein signal processing requirements for the processing circuit are reduced because processmg is only per-

formed at a fractional rate of the available data rate of said transmission protacol.

37. The system of claim 36, wherein the control information transmitted to the upstream transceiver includes feedback
information indicating that the maximum downstream data transmission data rate is X, even during times when said
channel is capable of supporting more than said data rate X.

38. The system of claim 36, wherein the feedback information inéluding the data rate X can be controlled by a user of
such system. )

. 39. The system of claim 36, wherein the ratio of X to Y is approximately .2 or less.

40. A high speed communications system for transmitting digital information in a channel capabie of supporting a trans-
mission bandwidth F, said system comprising:

an upstream data transceiver capable of modulating the digital information to generate an analog data signal’
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data transmission using said transmission bandwidth F; and

a downstream data transceiver channel interface circuit for coupling to and receiving said analog data signal
from the upstream data transciever through said channel, the downstream data transceiver including:

(i) a front end receiving circuit for processing the analog data signal and converting it to a digital'signal; and
(ii) a processing circuit for demodulating the digital signal, the digital signal including data from a first fre-
quency bandwidth portion f1 of said bandwidth and for generating feedback information indicating to the
upstream transceiver that the bandwidth other than f1 is unsuitable for data transmission; and :
(ii)) a front end transmitting circuit for transmitting the feedback information using a second frequency
bandwidth portion 2 to cause said upstream transceiver to transmit downstream data only using the first
frequency portion f1. . .

41, The system of claim 40, wherein the ratio of {1 to F is approximately .5 or less, and this ratuo can be mcreased
through modular additions to the front end receiving circuit.

42, The system of claim 40 wherein the feedbad( information contalns mtentlonally altered channel- charactensnc
information.

43, The system of claim 41, wherein the feedback information, mdudlng the size and location of ﬁrst frequency portion
{1, can be controlled by a user of such system

4. A high speed communications data receiver for communicating through a channel at a controllable data rate X with
an upstream transmittér capable of transmitting a data signal at a ﬂame rate T, and a data rate Y, where X/Y < 172, -
the receiver comprising:

a channel interface circuit for coupling to and receiving said analog data signal; and .

an analog front end circuit for data sampling the analog signal and converting it to a digital signal; and

a processing circuit for determining said rate X based on processing capabilities available for extracting data
from the digital signal, and for generating a transmission control signal for causing said upstream transmitter
to transmit using said flame rate T, and a data rate substantially equal to said data rate X during a data trans-
mission.

45. The receiver of claim 44, wherein said rate X is determined during a calibration routine.

46. The receiver of clalm 45, wherein said calibration rouhne is executed by a host data processor to deterrmne the
capabilities of such processor.

47. The receiver of claim 44, wherein said rate X is configurable by a user of such receiver based on perbrmance char-

acteristics of a host processor comprising a portion of the processmg circuit.
48. The receiver of claim 44, wherein X/Y is approximately .5 or less.

49. A method for communicating through a channel with an upstream transmitter that is capable of transmitting a data
signal at a frame rate T, and a data rate Y, the method comprising the steps of:

receiving said data signal; and

sampling the data signal and converting it to a digital signal; and )

processing the digital signal at a data rate <=X and using said frame rate T, where X is determined prior to ini-
tialization of a data transmission and X < Y/2; and )

generating a transmission control signal for causing said upstream transmitter to transmit at a data rate no
greater than X during a data transmissaon

50. The method of claim 49, wherem the control information transmitted to the upstream transceiver includes feedback
information indicating that the maximum downstream data transmission data rate i IS X, even dunng times when said
channel is capable of supporting more than said data rate X.

51. The method of claim 49, wherem the feedback information including the data rale Xcanbe controlled by a user of
such system.

23

Page 394 of 605



B W e

S | § R T 4 BT S Y

H

15

30

- 85

50

EP 0889615 A2

52. The method of claim 49, wherein said rate X is determined during a calibration routine.

- 53. The method of claim 49, wherein said rate X is configurable by a user of such receiver based on performance ohar-

acteristics of a host processor comprising a portion of the processing circuit.

54. A method of operating a high speed communications system that is coupled through a channel to an ups'tream
transceiver operating at a maximum data rate Y using a bandwidth F, said method comprising:

(a) receiving an analog initiatization signal having a bandwidth F from the upstream transceiver through the -
channel; and

(b) generating a digital signal based on sampling a portion of the analog data transmission signal correspond-
iing to a first frequency bandwidth portion {1, where f1 <F; and : ‘

(c) processing the digital signal fo extract data from the digital signal such that an effective receiving rate X.
(where X<Y) is achieved by the system;

(d) generating feedback information pertaining to the channel transmission characteristics mdrcatmg to the
upstream transceiver that data rates higher than X should not be used;

(e) thereatter recieving an analog data signal transmitted by the upstream transceiver to have a bandwidth f1;

(f) repeating steps (b) and (c).

55, The method of claim 54, further mcludmg a step prior to step (a) receiving a wntrol signal from a user of such sys-
tem for determining the effective receiving rate X.

56. The method of claim 54, further including a step: determining an optimal bandwidth portion f1 so as to minimize the

amount of processing required to extract the data from the digital signal at the receiving rate X.

57.- A high speed communications transceiver for communicating with an upstream transceiver transmitting an analog ‘
data transmission signal using M data carrying signals within a bandwidth F through a channel to said system, said
transceiver comprising:

a channel interface circuit for coupling to and receiving said analog data signal from the channel; and

a front end receiving circuit for sampling the analog data signal and generating a digital signal based on such
analog data signal, the digital signal including data from a first frequency bandwndth portion 1 of said band-
width F containing N data carrying signals, where N<M; and

a bus interface circuit for transmitting the digital signal to a host processing dewce and

wherein the system's performance, including data rate, can be scaled based on modifications to said front end
receiving circuit or said host processing device so that a the sampling of the analog data signal can be
increased, and the first frequency bandwidth portion 1 can also be expanded. )

58. The system of claim 57. wherein the front end receiving circuit includes a fiter for passing the first frequency band-
width portion {1 of said bandwidth F; (i) and an analog to digital converter. .

59. The system of claim 58, wherein when the modifications include additional bandpass filters for increasing the fifst
trequency bandwith portion from 1 to {2, where F > 2 > 1, the number of data carrying signals is increased from
N to N+P, where P = f2/1*N, and N+P<M.

60. The system of claim 57, wherein the modifications include adding an additional number of front end dircuits k in the
system each with a bandpass frequency f1 to result in N*k data carrying signals being included within the digital

signal.

61. The system of claim 57, wherein the first frequency bandwidth portion f1 is programmable.

62. The system of claim 57, further including a front end transmitting circuit for transmitting control information to cause
said upstream transceiver fo transmit downstream data only using the N data carrying signals.

63. The system of claim 62, wherein the control information transmitted to the upstream transceiver includes feedback
information from the host processing device indicating to the upstream transceiver that only N of the M data carry-
ing signals are desirable for downstream data transmission, even if said channel is capable of supporting more than

N data carrying signa!s.
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The system of claim 63, wherein the front end transmitting: circuit transmité an upstream data transmission using a
second frequency bandwidth F2 and L upstream data carrying signals, and where L <M.

The system of claim 57, further including a host processor circuit in the host processing device for extracting
selected data from the N data carrying signals.

The system of claim 65, wherein host processor circuit includes a host microprocessor, a programmable memory’
coupled to the microprocessor, and a data extraction routine located in the memory which can be executed by the
Microprocessor.

The system of claim 66, wherein the modifications include upgrading said host processing circuit to mdude addi-
tional signal processing power for processing an additional number of data camrying signals.

A method of operating a high speed interface between an upstream transcelver and a host processmg device ata
target data rate, said method comprising:

(a) receiving an analog initialization signal having a bandwidth F from the upstream transceiver through a com-
munications channel; and

(b) generating a digital signal based on sampling a portuon of the analog initiafization signal correspond ing to
a first frequency bandpass portion {1;

{(c) transmitting the digital signal to said host processmg device so that charactenshcs of data carrying signals
contained within first frequency bandpass portion f1 can be determined, and a number of such data carrying
signals can be configured for use by said host processing device to achieve said target data rate; and .
{e) generating feedback information indicating to the upstream transceiver that bandwidth other Ihan the first -
frequency bandpass {1 should not be used for data transmission; and

{f) receiving an analog data transmission signal having a bandwidth {1 from said upstream transceiver; and
(g) generating a digital signal based on sampling the analog data transmission signal; and )

(h) transmitting the digital signal to the host processing device so that it can be processed to extract selected
data from the data carrying signals;

(1) when a data rate increase is required, expanding the first frequency bandpass portton 1 and returning to
step (a).

The method of claim 68, further including a step of: determining an optimal size and location of first frequency
bandpass portion f1 so as to minimize the amount of processing requnred by said host processing device to extract
the data from the digital signal.

The method of claim 68, wherein the ratio of {1 to F is approximately .5 or less and a data rate of such mtedace is
controlled by controlling this ratio.

The method of claim 68 wherein the analog data transmission is comprised of M modulated sub-channels within
bandwidth F, and the selected data is contained in N of the M sub-channels within first selected (requency band-
pass portion {1, where N < M.

. The method of clalm 68, further including a step: determlnmg an optimal set of N sub-channels so as to minimize

the amount of processing required to extract the data from the digital signal.

The method of claim 68, further including a step wherein protocol information pertaining to standards applicable to -
Asymmetric Digital Subscriber Loops is transmitted by the upstream data transceiver so as to set up a ADSL com-
patible data link.

The method of claim 68, wherein during step (i) the first frequency bandpass portion f1 is lncreaéed by the use of

additional bandpass filters for increasing the first frequency bandwith portion from {1 to f2, where F > £2 > {1, sothat
the selected data is received at an increased rate equal to approximately £2/41.
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(57) Abstract
~ .
Proposed is a method of bi-directional data transmission over a two-wire line. Digital data destined for transmission or reception,
e.g. using discrete multitone modulation (DMT), are modulated or demodulated as appropriate and separated by time-division multiplexing.
The appropriate multiplex time frame is subdivided into a prcdctermincd number N of time slots and a number K of those time slots is
assigned exclusively to one direction, e.g. transmission, the remaining time slots (= N-K in number) bemg assigned exclusively to the other
direction (e.g. reccption).

(57) Zusammenfassung R

Verfahren zur bidirektionalen Dateniibertragung iiber eine Zweidrahtleitung, wobei digitale Daten zum Senden oder Empfangen,
z.B. mittels diskreter Mehrtonmodulation (DMT), moduliert bzw. demoduliert und die zu sendenden und zu empfangenden Daten durch
Zeitmultiplexbetrieb getrennt werden, wobei der zugehérige Multiplex-Zeitrahmen in eine vorbestimmbare Anzahl N von Zeitschlitzen
unterteilt wird, und davon eine Anzahl K von Zeitschlitzen ausschlieBlich einer Ubertragungsrichtung, z.B. Senden, und die restliche Anzah}
(N-K) von Zeitschlitzen ausschlieBlich der anderen Ubertragungsnchtung. z.B. Empfangen, zugeordnet wird.
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1
Verfahren zur bidirektionalen Dateniibertragung iiber eine Zweidrahtleitung

Die Erfindung betrifft ein Verfahren zur bidircktionalen Dateniibertragung iiber eine
Zweidrahtleitung, wobei digitale Daten zum Senden oder Empfangen, z.B. mittels diskreter
Mehrtonmodulation (DMT), moduliert bzw. demoduliert und die zu sendenden und zu
erhpfangenden Daten, z.B. durch Frequenzmultiplexbetrieb (FDM) oder Echoausldschung
(EC), getrennt werden. ' ,

Um stérende Beeinflussung von zu iibermitteltenden Daten zu beseitigen, fithren bekannte
Verfahren dieser Art die Trennung der z.B. DMT-modulierten Daten im
Frequenzmultiplexbetrieb (FDM) durch, wobei unterschiedliche Frequenzbereiche fiir die
beiden Ubertragungsrichtungen festgelegt sind. Eine wcitere Méglichkeit zur Trennung
besteht in der Anwendung des Echoausldschungsverfahrens (EC), bei dem durch den Einsatz
adaptiver Filter der EinfluB des Sendeteils auf den Empfinger durch adaptive Filter
unterdriickt wird. Andere Trennverfahren wurden im Stand der Technik in diesem
Zusammenhang bisher nicht verwendet.

‘Das FDM-Verfahren . erzeugt bei der Ubertragung entsprechend den beiden

Ubertragungsrichtungen ein unteres und ein oberes Frequenzband. Da aber die
Kabeldampfung frequenzabhingig ist, bereitet es groBe Schwierigkeiten fiir beide
Ubertragungskanile die gleiche Ubertragungsqualitit zu erzielen, in den iiberwiegenden
Fillen ist die Ubertragungsqualitiit in eine besser als in die andere Richtung. Generell ist es
aber erwiinscht, eine moglichst gleiche Qualitdt fir beide Kandle anbieten zu konnen.
Weiters ist bei FDM die Variation der Ubertragungskapazitit mit erheblichem Aufwand
verbunden, da dafur eine Anpassung der jeweils verwendeten Bandfilter erforderlich ist,
sodaB die Kanalbandbreite entsprechend erhoht oder erniedrigt werden kann.

Das weiters aus dem Stand der Technik bekannte Echoausléschungs-Verfahren weist ebenso

“.wenn auch anders geartete Nachteile auf. So ist bei diesem Verfahren das Nah-

Nebensprechen ein grofies technisches Problem, da der Signalabstand zwischen Sende- und
Empfangssignal schr groB ist. Es miissen daher sehr hohe Anforderungen an die bei den
Sende- und Empfangsteilen vorgesehenen A/D-Wandler erfiillt werden, da Sende- und
Empfangssignale gleichzeitig auftreten und diese entprechend gut getrennt werden miissen.
Die hohen Pegelunterschiede der Sendc- und Empfangssignale erfordern eine
dementsprechend hohe Auflosung der A/D-Wandler, die wiederum hohere Produktkosten zur
Folge hat.

'Firr die Durchfiihrung dieser bekannten Trennmethoden FDM und Echoausiéschung ist auch

eine relativ hohe Rechnerleistung erforderlich, die die Kosten fiir die Dateniibertragung stark
erhohen. Besonders bei Anwendung in Fillen, in denen wie etwa bei ADSL (Asymmetric
Digtal Subscriber Line) in einer Ubertragungsrichtung ("downstream) groe Datenraten von
einer zentralen Datenanlage zu einem an der Peripherie gelegenen Teilnehmer und
vergleichsweise geringe Datenraten in die andere Ubertragungsrichtung ("upstream")
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iibermittelt werden sollén, ist der bei diesen bekannten Dateniibertragungsverfahren
getriebene Aufwand nur einer schlechten Nutzung unterworfen.
Ziel der Erfindung ist es, ein Verfahren anzugeben, das sich durch geringe Komplexheit
hinsichtlich Hardware-Einsatz bzw. Rechnerleistung auszeichnet, sodaf dle Durchﬁlhrung
auf einfache und kostengiinstige Weise erfolgen kann.
Weiters ist es Ziel der Erfindung, ein Verfahren zu schaffen, mit dcm SlCh bei
Ubertragungen, die zu einem grofen Teil nur in einer der beiden Ubertragungsrichtungen vor
sich gehen, mit hoher Ubertragungsgeschwindigkeit durchfiihren lassen.
Weitere Aufgabe der Erfindung ist es, eine sehr gute Ubertragungsquahtat mit relativ
geringem  technischen Aufwand zu erreichen, wobei eine ~Anderung
Ubertragungskapazitit einfach und kostengiinstig méglich sein soll.
Erfindungsgemif wird dies dadurch erreicht, dafl die zu sendenden und zu empfangenden
Daten durch Zeitmultiplexbetrieb (TDM) getrennt werden, wobei der zugehérige Multiplex-
Zeitrahmen in eine vorbestimmbare Anzahl N von Zeitschlitzen unterteilt wird, und davon
eine Anzahl K von Zeitschlitzen ausschlieflich einer Ubertragungsrichtung, z.B. Senden, und
die restliche Anzahl (N-K) von Zeitschlitzen ausschlieBlich der anderen
Ubertragungsrichtung, z.B. Empfangen, zugeordnet wird. .
Da beim erfindungsgemifien Verfahren entweder nur Sender- oder nur Empfangerfunktlonen
aktiv sind, wird weniger Prozessorleistung als bei herkdmmlichen Verfahren benétigt, da
letztere einen sehr hohen internen Datenverkehr zu bewiltigen haben. Dadurch' gelingt es,
eine nach dem erfindungsgeméfen Verfahren durchgefiihrte Ubenragung sehr kostengiinstig
zu implementieren. .
Das erfindungsgemédBe Verfahren bictet weiters den Vorteil einer gleichen
Ubertragungsqualitit in beiden Ubertragungsrichtungen, da Senden und Empfangen bei
TDM mit der gleichen = Leitungsdimpfung erfolgt. Dadurch kénnen beide
Ubertragungsrichtungen mit  geringstméglicher Qualtitdtsminderung  im  gleichen
" Frequenzbereich durchgefiihrt werden. Ein weiterer Vorteil des erfindungsgemifen
Verfahrens ist die sehr einfache Verinderung der Ubertragungskapazitit, die durch die

entspechende Wah!l der Anzahl der Zeitschlitze fir die jeweilige Ubertragungsrichtung
ermoglicht wird.

der

Als besonders vorteilhaft bei asymmcmscher Datcnubertragung kann es sein, wenn in einer
Ubertragungsrichtung der Grofiteil der Daten und in der anderen nur ein kleiner Rest
iibertragen wird. Dies ist dann gegeben, wenn die Anzahl N der Zeitschlitze sehr viel grofer
als dic Anzahl K gewidhlt wird. Vorzugsweise ist diese Bedingung erfulit, wenn N gleich 30
und K gleich 1 ist.
Da das erfindungsgeméaBe Verfahren zur Dateniibertragung iiber Telephonleitungen
eingesetzt werden kann, kann es z.B. durch die Nummernwahl auf der Leitung zu
impulsartigen Storungen kommen, die einen Ubertragungsfehler bewirken, der unbedingt
* korrigiert werden muf. Die Dateniibertragung muB aber nicht iiber Telephonleitungen
erfolgen, sie kann im Rahmen der Erfindung tber jede dafiir geeigneté Zweidrahtleitung
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geschehen. Genauso ‘kénnen die unterschiedlichsten elektromagnetischen Stérungen, auch
systemexterne, auf die Dateniibertragung ihren EinfluB haben. .
Das bekannte ARQ (Automatic Repeat Request)-Verfahren wird zur 'Fehlerkoxrektur
uiblicherweise so eingesetzt, dafl die Datenﬁbertragung auch bei beliebigen Storungen auf der
Leitung fehlerfrei bleibt, wobei der Datendurchsatz jedoch stark absinken kann, da ein
fehlerhaft {ibertragenes Datenpaket solange wiederholt wird, bis es fehlerfrei empfangen
wird. : » '

In weiterer Ausbildung der Erfindung kann daher vorgesehen sein, daB im Multiplek-
Zeitrahmen der Datenlibertragung im  Zcitmittel eine vorbe’stimfnb_arc Anzahl von
Zeitschlitzen fiir ARQ (Automatic Repeat- Réquest)—Ubenragungswiederholungen
vorgesehen sind. ' : : _

Bei dieser Ausfithrungsform steht somit stindig Ubertragungs-Uberkapazitit zur Verfugung.
Wird ein Datenblock fehlerhaft empfangen, fordert. der  Empfénger nur so oft eine
Wiederholung an, wie es im Rahmen der im Zeitmittel zur Verfiigung stehenden
Uberkapazitat méglich ist, sodaB unbeeinflufit durch die Ubenragungswxederholungen der
nominelle Datendurchsatz konstant gehalten werden kann. Im fehlerfreien Ubertragungsfall
wird ein hoher redundantes Signal iibermittelt. Die Dauer der Zeitspanne, iiber die die
Zeitmittelung erfolgt, ist im wesentlichen durch die Spexcherkapazntat des eingesetzten ARQ-
Puffers begrenzt.

Nach eincr anderen Variante der Erfindung kann vorgesehen sein, dal bei fehlerhafter
Ubertragung die Daten, z.B. mittels eines Rechenalgorithmus, modifiziert iibertragen
werden. :

Dadurch kann der bei der Ubertragung aufiretende Fehler, der durch das Abschneiden eines
Teils der Amplitude bei Sende-Ubersteuerung hervorgerufen wird, korrigiert werden.

In besonders bevorzugter Weise kann dabei vorgesehen sein, daB die Daten durch logische
Inversion modifiziert werden.

Diese Inversionsoperation stellt einen sehr einfach berechcnbaren Algorlthmus dar der ohne
groBen Aufwand realisierbar ist. ,
Weiters kann vorgesehen sein, dafl die Schaltfrequenz einer Storquelle, z.B. ein Netzte1l mit
einer der Trigerfrequenzen der diskreten Mehrtonmodulation synchronisiert wird.

Dadurch kann das auf frequenzselektive Stérungen empfindliche DMT-Verfahren gegen
bekannte Storquellen 'gesichen werden. Bei Synchronisation der Schaltfrequenz der

. Stérquelle auf eine der Trégerfrequenzen der DMT-Modulation wirkt sich die Stérung nur
auf diese Tragerfrequenz und deren Viclfachc aus, sodaB sic durch cincn adaptiven
. Algorithmus kompensiert werden kénnen.

Bei mehreren nebeneinander gefithrten Zweidrahtleitungén, auf denen jeweils Daten

iibertragen werden, ergibt sich iiblicherweise ein Ubersprechen, welches auf die Ubertragung
naturgemiB stérend wirkt.

GemiB einer anderen Ausfithrungsform des erfindungsgemifBen Verfahrens, bei welchem
Daten idber 2zwei oder mehr Zweidrahtleitungen, die zumindest teilweise in
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Ubersprechabstand gefiihrt sind, ibertragen werden, kann vorgesehen sein, daB der
Zeitmultiplex-Betrieb (TDM) auf allen Zweidrahtleitungen synchron durchgefiihrt wird,
sodaB auf allen Zweidrahtleitungen gleichzeitig entweder gesendet oder empfangen wird.
Dadurch wird immer zur gleichen Zeit entweder gesendet oder empfangen, sodafl eine
storende Beeinflussung der einzelnen Empfinger durch nicht direkt verbundene Sender
vermieden werden kann.
Im folgenden wird die Erfindung anhand eines in den Zeichnungen dargesteliten
Ausfihrungsbeispieles naher erliutert.
Es zeigt dabei: ' :
Fig.1 ein Blockschaltbild zur Durchfithrung einer Ausfithrungsform des erfindungsgemifien
Verfahrens und
Fig.2 eine schematische Darstellung eines erfindungsgemifen Zeitrahmens.
Eine bidirektionale Dateniibertragung von digitalen Daten geméf dem in Fig.1 dargestellten
Blockschaltbild wird durchgefithrt, indem beim Senden die aus einer Datenquelle 1,4
kommenden digitalen Daten im Sendeteil 50 zu einem analogen Sendesignal umgewandelt
und iber einen Leitungsiibertrager 13 einer Zweidrahtleitung 100 an einen am Ende dieser
Leitung 100 gelegencn Teilnehmer ibertragen werden. Demgegeniiber wird ein auf der
Zweidrahtleitung 100 ankommendes Signal iiber den Leitungsiibertrager 13 als
Empfangssignal an den Eingang eines Empfangteils 51 gefiihrt und dort in digitale Daten
umgewandelt. Da beim erfindungsgemiBen Verfahren nie gleichzeitig gesendet und
empfangen wird, kann an Stelle einer sonst iiblichen Gabelschaltung der Leitungsiibertrager
13 verwendet werden, wodurch die oft problematische Anpassung der Gabelschaltung an dic
Leitungsimpedanz von vornherein wegfillt. Ein durch eine Gabelschaltung bedingtes
storendes Ubersprechen, durch welches Signalreste vom Sender zum Empfinger derselben
Teilnehmerseite gelangen, scheidet somit als Stérquelle fiir dieses Verfahren aus.
In dem in Fig.l gezeigten Ausfithrungsbeispiel ist der Sende- und Empfangsteil 50, 51
sowohl einer zentralen Datenstelle C (CENTRAL) alsauch einer peripheren Datenstelle R
(REMOTE) in einem einzigen Blockschaltbild dargestellt, welches so zu verstehen ist, daB
die zentrale Datenstelle C iiber den Ubertrager 13, die Zweidrahtleitung 100 und einen
weiteren Ubertrager 13 mit der Datenstelle R verbunden ist. Jene Funktionseinheiten, die nur
zur Datenstelle C bzw. R zugehérig sind, sind mit "ATU-C only" bzw. "ATU-R only”
" gekennzeichnet. _
Ohne Beschrinkung der allgemeinen Anwendbarkeit des erfindungsgemiflen Verfahrens sei
‘als Ausfithrungsbeispiel einer asymmetrischen Dateniibertragung ein Heimvideosystem*
beschrieben, bei welchem in der zentralen Datenstelle C die Videoinformation verschiedener
Videos in einem GroBrechner als Daten in komprimicrter Form gespeichert und iiber eine
periphere Datenstelle R abrufbar ist. Uber einen bidirektionalen Steuerkanal wird die
Steuerinformation zwischen den Datenstellen C und R ausgetauscht, wobei eine Datenrate
von 64 kbit/s festgelegt ist. Diese Steuerinformation kann sich auf verschiedene vom
Teilnehmer auszugebende Befehle, wie etwa PLAY, REWIND o.4, wie sie von einem
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Videorecorder bekannt sind sowie interne Steuerkommandos beziehen und ist in ihrer Menge
vergleichsweise gering gegenitber der von der zentralen Datenstelle C. ausgesendeten
Breitbandinformation, die im wescntlichen die Videoinformation beinhaltet, die mit ei'nerv
Dateniibertragungsrate von 2, 048 Mbit/s nur in einer Richtung von C zu R gesendet wird.
Die genannten Datenraten kénnen jedoch fiir das erfindungsgemiBe ‘Verfahre'n'aber auch
ginzlich anders, z.B. viel hoher gewihlt werden, wobei fiir die nur in eine Richtung zu
{ibermittelnde Breitbandinformation auch eine Datenrate von etwa 50- Mbit/s bis 150 Mbit/s
zur Verfiigung gestellt werden kann. Die iibertragene Information kann dabei jede Art von
Sprach-, Bild- oder Dateninformation darstellen. Ebenso ist eine andere Rate fiir den
bidirektionalen Steuerkanal ausfiihrbar, der aber nicht nur Steuerfunktionen sondern alle
moglichen Datentlibertragungsfunktionen erfiillen kann.
Am eingangsseitigen Teil des Sendeteils 50 sind fiir die Datenstelle C zwei verschledene
Dateneinginge und fiir die Datenstelle R nur ein Dateneingang ausgebildet. An den ersten
Eingang, der fiir C und R gleich ist, gelangt der Datenstrom aus der Datenquelle 1, die z.B.
im wesentlichen Steuerbefehle aussendet, die iber einen nachfolgenden Verwiirfler 2 in
einen diesem nachfolgenden Sendepuffer 3 gelangen, wobei die aus der Datenquelle 1
kommenden Daten im Verwiirfler 2 nach einem vorbestimmbaren Algorithmus gewandelt
werden. Dadurch wird ein linger andauernder, konstanter logischer Zustand verhindert und
eine ausgeglichene statistische Verteilung der bindren Zustinde erreicht. AnschlieBend daran
erfolgt im Sendepuffer 3 eine Zwischenspeicherung der verwiirfelten Signale. In der .
Datenstelle R sind die aus dem Sendepuffer 3 austretenden Daten. liber eine Vorrichtung
MUX mit anderen Daten, die im ARQ-Puffer 24 erzeugt werden und Wiederholanweisungen
enthalten, gemultiplext. _
Am zweiten Eingang des Sendeteils 50, der nur fiir die Datenstelle C ausgefiihrt ist, kommt
der Datenstrom aus der Datenquelle 4, die die Breitbandinformation generiert, iiber einen
" nachfolgenden Verwiirfler 5 und iiber einen ARQ (Automatic Request)-Puffer 6, der einen
CRC-Generator enthilt, iber den eine Fehlerkorrekturkodierung erfolgt, an den zweiten
Eingang des Sendeteiles 50. Die im Verwiirfler 5 umgewandelten Daten werden im ARQ-
Puffer 6 zwischengespeichert und bei fehlerhafter Ubertragung wiederholt. Eine besondere.
erfindungsgemiBe ARQ-Ubertragungstechnik wird weiter unten noch beschrieben.
Die iiber die Eingdnge des Sendeteils 50 seriell eimreffenden Daten werden im Kodierer 7
zum Herabsetzen der Datenrate in vorbestimmbarer Linge zusammengefat und anhand
einer Kodiertabelle einem entsprechenden Symbol zur weiteren Verarbeitung zugebrdnet.
Weiters wird dieses kodierte Signal in dem nachfolgenden DMT (Discrete Multi Tone)-
Modulator 8 nach diesem bekannten Verfahren moduliert und tiber ein HochpaB-Filter 9
geleitet, welches zur Vermeidung von Stdreinfliissen im  wesentlichen das
Sprachfrequenzband unterdriickt. Das digitale Ausgangssignal dieses HochpaB-Filters 9 wird
iiber einen Digital-Analog-Wandler 10 in ein analoges Signal gewandelt, welches iiber ein
Bandpaf-Filter 11 und anschlieBend iiber einen Verstirker 12 zum Wandier 13 gelangt. Das
BandpaB-Filter 11 erfiillt einerseits nochmals die Funktion des Hochpasses 11 und
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andererseits schneidet . es die durch den Analog-Digital-Wandler 10 hervorgerufenen
hochfrequenten Spannungsspitzen ab. Die Frequenz der Analog-Digital-Wandlung ist zur
' Erfiillung des Abtasttheorems so gewihlt, daB} fiir die hochsten vorkommenden Frequenzen
mindestens zweimal eine Abtastung durch den Analog-Digital-Wandler 10 erfolgt.
Der Sendeteil 50 und der Empfangsteil 51 sind durch eine TDM (Time Division Muitiplex)-
" Einheit 30 gesteuert, sodaB erfindungsgemafB die zu sendenden und die zu empfangenden
Daten durch Zeitmultiplexbetrieb getrennt werden, wobei der zugehérige Multiplex-
Zeitrahmen in eine vorbestimmbare Anzahl N von Zeitschlitzen unterteilt wird, und davon
eine Anzahl K von Zeitschlitzen des Zeitrahmens auschlieBlich einer Ubertragungsrichtung,
z.B. Senden, und die restliche Anzahl N-K von Zeitschlitzen ausschlieBlich der anderen
Ubertragungsrichutng, z.B. Empfangen, zugeordnet wird. Dazu steuert die TDM-Einheit den
Sendeteil 50 und den Empfangsteil 51, indem sie zur gegebenen Zeit diese aktiviert. Der
Sendeteil 50 und der Empfangsteil 51 sind dabei nie gleichzeitig in Betrieb, wodurch die fiir
die Steuerung benétigte Prozessorleistung entsprechend niedrig ausgelegt werden kann. Da
dadurch auch eine Beeinflussung des eigenen Senders auf den Empfanger ausgeschlosssen
ist, ist fiir den Analog-Digital-Wandler 16 des Empfangeneil§ nur eine geringe Auflosung
- erforderlich. Dieser Vorteil wirkt sich infolge der direkten Proportionalitit von Auflosung
und Preis bei Analog-Digital-Wandlern sehr kostengiinstig aus.
Das erfindungsgemifle Verfahren hat den Vorteil eines relativ geringen Bandbreitenbedarfes
und einer sehr geringen Komplexheit, die sich bei der Hardware bzw. bei der bendtigten
Rechnerleistung zeigt. Bei herkémmlichen Verfahren zur Trennung von Senden und
Empfangen geht ein betrichtlicher Teil der Rechnerleistung fiir interme Kommunikation
verloren, wihrend beim erfindungsgemifien Verfahrern diese Rechner-Hilfskapazitit sehr
gering gehalten werden kann. _
Das erfindungsgemiBe Verfahren hat dort seine Grenze, wo sich der Anteil des Sendens und
Empfangens der 50%-Prozentgrenze nihert, da dann andere Verfahren etwa wie Echo- .
Cancelling 0.4. mit gleichgrofem oder kleinerem Aufwand durchgefithrt werden konnen.
In Fig.2 ist der in Zeitschlitze unterteilte Zeitrahmen, wic er im erfindungsgemifien
Verfahren zur Anwendung gelangt, dargestellt. Die beiden Ubertragungsrichtungen sind
durch die Ausdriicke "upstream" und "downstream" gekennzeichnet. Der ganze Zeitrahmen
ist in diesem Beispicl 20,625 ms lang und in verschiedene Schlitze zu 625 ps aufgeteilt,
- wobei die Mehrzahl der Daten in downstream-Richtung tibertragen wird. Diese Aufteilung
ist besonders dann von Vorteil, wenn in einer Ubertragungsrichtung ein bidirektionaler Kanal
mit geringer und ein unidirektionaler Kanal mit. hoher Datenrate benotigt wird. In dem.
‘dargesteliten Ausfithrungsbeispiel werden iiber den bidirektionalen Kanal durch die mit
CONTROL bezeichneten Zeitschlitze in downstream- und upstream-Richtung Steucrbefehle
und iiber den unidirektionalen Kanal durch die mit VIDEO bezeichneten 30 downstream-

Zeitschlitze mit im Zeitmittel einem Hilfsschlitz Videoinformation iibertragen. Diese Art der
" Ubertragung kann fiir beliebige Informationen erfolgen.
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Die Verteilung der Sende- bzw. Empfangskapazititen ist den jeweiligen Verhiltnissen durch
Wahl der Anzahl der upstream bzw. downstream-Zeitschlitze anpafibar. Bei sich andernden
Auslastungen kann dieses Verhiltnis automatisch entsprechend dem aktuellen Bedarf
abgestimmt werden. Die festgelegten Sende- und Empfangszeiten haben gegeniiber einer
Frequenzmultiplex—Ubertragung den Vorteil, dafl nicht gleichzeitiz empfangenc und zu
sendende Daten verarbeitet werden miissen, wodurch die Rechnerleistung bzw. der
Hardware-Aufwand entsprechend niedrig ausgelegt werden kann. In Jedem DMT-Schlitz
wird cine codierte und DMT-moduliertc Dateneinheit iibertragen. -

Fir ARQ-Ubertragungswiederholungen wird gem#B  einer erﬁndungsgemﬁﬁen
Ausfithrungsform im Multiplex-Zeitrahmen der Dateniibertragung im Zeitmittel eine

vorbestimmbare  Anzahl von Zeitschlitzen fir ARQ-Ubertragungswiederholungen

vorgesehen sind. Dazu werden beim Senden der Daten diese stindig in den ARQ-
Sendepuffer 6 eingeschrieben und von diesem wieder an den Kodierer 7 weitergegeben.
Dabei werden die vom Puffer 6 abgehenden Daten schneller iibertragen als dieser gefiillt

-wird. In der dabei entstehenden Liicke wird erneut jeweils der letzte Datenblock eingetragen,

dieser wird jedoch empfingerseitig als wiederholter Block erkannt und automatisch beseitigt.
Somit wird im fehlerfreien Ubertragungsfall stidndig mit Uberkapazitit gesendet, ohne daf
der iibertragene Informationsgehalt grofier ist.

Sobald ein Ubertragungsfehler auftritt, erkennt der Empfinger in der periphercn Datenstelle

R den Fehler mittels seiner CRC- Fehlererkennung in der ARQ-Einheit 24 und gibt darauf

den Befehl tiber den Multiplexer des Sendepuffers 3 zur Datenwiederholung weiter, der dann
als Steuerinformation iiber den bidirektionalen Kanal gesendet wird. In der zentralen
Datenstelle C wird diese Information nach Durchlaufen des Empfangerteils 51 im

Empfangerpuffer 27 gedemultiplext und ein Steuerbefehl an den ARQ-Puffer 6 gegeben, die
fehlerhafte Ubertragung zu wiederholen.

" Dafiir steht in diesem Ausfithrungsbeispiel im Zeitmittel nur ein Hilfsschlitz zur Verfiigung,

was einer Uberkapazitit von 3,33% entspricht. Dauer und Anzahl der Hilfsschlitze sind in
diesem Zusammenhang keiner Einschrinkung unterworfen und kénnen innerhalb des
technisch Realisierbaren beliebig den jeweiligen Verhiltnissen angepafit werden.

Nach einer Fehliibertragung wird nun im darauffolgenden Zeitrahmen, die
Wiederholungsiibertragung durchgefiihrt, ' die sich iber mehrere nacheinanderfolgende
Zeitschlitze erstrecken kann. Gemittelt iiber die Zeit sollte in diesern Beispiel nur ein
Zeitschlitz pro Rahmen fiir die Wiederholungen benutzt werden.

Die Zeitspanne, iiber die dabei das Zeitmittel berechnet wird, ist durch die GroBe des ARQ-
Pufferspeichers festgelegt. Sobald dieser mit Information vollgeschrieben ist, kénnen keine
weiteren Wiederholungen durchgefiihrt werden und der fehlerhafte Datenblock muB als
transparent ausgegeben werden.

Gegeniiber einem herkémmlichen ARQ-Verfahren ist die fiir die Datenwiederholungen
festgelegte Zeitspanne im Zeitmittel fixiert. Dadurch kann es nicht passieren, dafl aufgrund
einer ldnger andauernden Stérung die Ubgrtragung solange wiederholt wird bis sie fehlerfrei
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ist und damit die Ubertragﬁngszeit sich stark erhoht. Durch das bekannte ARQ-Verfahren
wird die Dateniibertragung auch bei beliebigen Stérungen solange wiederholt, bis sie
fehlerfrei empfangen wird, wodurch der Datendurchsatz aber sehr stark sinkt. Hingegen wird.
durch die feste Uberkapazitit, die zwischen 2 und 10%, vorzugsweise aber zwischen 3 und

5% liegt, im erfindungsgemiBen Verfahren die Ubertragung nur so oft wiederholt, wie es im -

Rahmen der Uberkapazitit moglich ist, um den nominellen Datendurchsatz aufrecht zu
erhalten. Kann bei mehreren aufeinanderfolgenden falschen Datenblécken einer nicht mehr
wiederholt und richtig empfangen werden, wird er transparent ausgegeben.

Bei einem durch die diskrete Mehrtonmodulation (DMT) modulierten Slgnal ist das
Verhiltnis von Spitzenwert zu Mittelwert sehr grof3, sodaBl ein Abkappen ("Clipping") der
Signalspitze eine hiufige Fehlerquelle darstellt. Um diesen Fehler auf einfache Weise zu
korrigieren, kann nach einer fehlerhaften Dateniibertragung die digitale Bitfolge beim
Wiederholvorgang im Sender z.B. durch einen Rechenalgorithmus, modifiziert werden und
dann erneut iibertragen werden. Im Empfinger wird der verwendete Rechenalgorithmus
entsprechend in Umkehrung angewendet und die Daten wiedergewonnen. Dadurch kann
dieser Ubertragungsfehler sehr -effektiv ausgeschaltet werden. Im besonderen ist es
schaltungs- oder rechentechnisch auf einfache Weise durchfiihrbar, die fehlerhaften Daten in
invertierter Form zu iibertragen

Eine weitere Stérquelle beim DMT-Verfahren ergibt sich aus der Schaltfrequenz der
eingesetzten Spannungsversorgung, z.B. des Netzteils, da diese Schaltfrequenz im
Ubertragungsbereich liegt und somit als frequenzselektive Stérung ihre Auswirkung zeigt.
Hinzu kommt die Abhéngigkeit dieser Stérungen von anderen EinfluBgréBen, etwa die
gerade am Netzteil vorliegende Last. Diese Art von Stdrungen kénnen verringert werden,
indem die Schaltfrequenz des Netzteils auf eine der Tﬁigerfrequenzen der DMT-Modulation

synchronisiert wird. Damit wirkt sich diese Stérung nur auf diese Trigerfrequenz und ihre

Vielfache aus, sodaf sie sehr leicht durch einen adaptiven Algorithmus kompensiert werden
konnen.

In Fig.1 ist weiters der dem Sendeteil 50 entsprechende Empfangsteil 51 dargestellt. Die iber
die Zweidrahtleitung 100 und den Ubertrager 13 von der anderen Teilnehmerseite
einlangenden Signale werden iiber einen BandpaB 14 und tiber eine AGC (Automatic Gain
Control)-Einheit. die unabhéngig von den momentanen Signalverhiltnissen auf der Leitung
ein annihernd amplitudenkonstantes Signal erzeugt, an den Eingang eines zum Empfangsteil
51 gehorigen Analog-Digital-Wandlers 16 gefiihrt, dessen Ausgang mit einem Hochpaf-
Filter 17 verbunden ist. Das am Eingang des Hochpasses 17 anliegende Signal wird iiber
einen AGC-Regelkreis 18 als Stellgrofe zur AGC-Einheit 15 riickgefiihrt.

Nach dem Hochpal 17 erfolgt die Demodulation des Signals, aus welchem nur in der
peripheren Datenstelle R der mitiibertragene Pilotton einer Pilot-AGC-Einheit 20 zugefiihrt
wird, woraus in der Taktgewinnungseinheit 21 ein Referenzsignal fir die
Takterzeugungseinheit 31 der peripheren Datenstelle R gewonnen wird. Diese
Takterzeugungseinheit 31 generiert fiir die TDM-Einheit 30 und fiir den Systemtakt die

B8701800A1 | >
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Zeitbasis. Die Datenstelle C benétigt keine Taktgewinnungseinheit, da hier eine unabhingige
. Zeitbasis vorgesehen ist. ,
Die durch die Ubertragungsstrecke bewirkten linearen Verzerrungen werden in einem an den
DMT-Demodulator 19 anschlieBenden Entzerrer 22 mit update-Funktion beseitigt. Daran
anschlieBend. findet in einem Dekodierer 23 das Umschliisseln entsprechend einer
Dekodiertabelle statt, woraufhin am Ausgang des Dekodieres 23 wieder ein serieller
Bitstrom vorliegt, der iiber zwei Ausginge gefiihrt wird. Der fiir Datenstelle C und R gleich
ausgefiihrte erste Ausgang besteht aus einem Empfangs-Puffer 27 fir Steuerinformation,
einem nachfolgenden Entwiirfler 28, in welchem die Daten in ihrer richtigen Reihenfolge
wiederhergestellt werden und der Datensenke 29, die die gesendeten Steuerdaten empfiingt.
Der zweite Ausgang des Empfangsteils 51, welcher nur fiir die Datenstelle R vorgeschen ist,
ist mit einem ARQ-Puffer 24 verbunden, der die iibertragene Breitbandinformation aus der
Datenstelle C zwischenspeichert, verifiziert und bei Bedarf iiber eine im ARQ-Puffer 24
integrierte Steuereinheit den Befchl zum nochmaligen Senden der fehlerhaft iibertragenen
Daten an den Multiplex-Eingang des Sendepuffers -3 gibt, der zur Datenstelle C
riickiibertragen wird. Am Ausgang des ARQ-Puffcrs 24 ist ein Entwiirfler 25 und daran
anschlieBend eine Datensenke 26 zur Ubernahme der Breitbandinformation angeschlossen.
Werden Daten iiber zwei oder mehr Zweidrahtleitungen, die zumindest teilweise in
Ubersprechabstand gefiihrt sind, iibertragen, kann es geschehen, daB durch die gegenseitige
induktive Beeinflussung der Zweidrahtleitungen es zum Ubersprechen kommt. Besonders in
einer zentralen Datenanlage, in der viele abgehende Zweidrahtleitungen nebeneinander
gefiihrt werden, kann es zu dieser unerwiinschten Stérung kommen.
Bei einer Ausfiihrungsform des erfindungsgemiflen Verfahrens wird diese Art der Storung
vermieden, indem der Zeitmultiplex-Betrieb auf allen Zweidrahtleitungen . synchron
durchgefiihrt wird. Dies bedeutet, daB3 gleichzeitig iiber alle Zweidrahtleitungen entweder
gesendet oder empfangen wird, sodaB keine Beeinflussung mehr moglich ist.
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Patentanspriiche

1.  Verfahren zur bidirektionalen Dateniibertragung iiber eine Zweidrahtleitung, wobei
' digitale Daten zum Senden oder Empfangen, z.B. mittels diskreter Mehrtonmodulation
(DMT), moduliert bzw. demoduliert und die zu sendenden und zu empfangenden
Daten, z.B. durch Frequenzﬁxultipllexbetrieb (FDM) oder Echoausloschung (EC),
getrennt werden, dadurch gekennzeichnet, dafl die zu sendenden und zu
empfangenden Daten durch Zeitmultiplexbetrieb (TDM) getrennt werden, wobei der
zugehdrige Multiplex-Zeitrahmen in eine vorbestimmbare Anzahl N von Zeitschlitzen
unterteilt wird, und davon eine Anzahl K von Zeitschlitzen ausschliellich einer
Ubertragungsrichtung, z.B. Senden, und die restliche Anzahl (N-K) von Zeitschlitzen
ausschlieBlich der anderen Ubertragungsrichtung, z.B. Empfangen, zugeordnet wird.

2.  Verfahren nach Anspruch 1, dadurch gekennzeichnet, da N gleich 30 und K gleich
1 ist.

3.  Verfahren nach Anspruch 1 oder 2, dadurch gekennzeichnet, daB im Multiplex-
Zeitrahmen der Dateniibertragung im Zeitmittel eine vorbestimmbare Anzahl von

Zeitschlitzen fir ARQ (Automatic Repeat Request)-Ubertragungswiederholungen
vorgesehen sind. o

4. Verfahren nach Anspruch 1, 2 oder 3, dadurch gekennzeichnet, daB bei fehlerhafter

Ubertragung die Daten, z.B. mittels eines Rechenalgorithmus, modifiziert wiederholt
iibertragen werden.

5.  Verfahren nach Anspruch 4, dadurch gekennzeichnet, dad die Daten durch logische
Inversion modifiziert werden.

6. Verfahren nach Anspruch 1 bis 5. dadurch gekennzeichnet, daf die Schaltfrequenz

einer Storquelle, z.B. ein Netzteil, mit einer der Trigerfrequenzen der diskreten
Mehrtonmodulation synchronisiert wird.

7. Verfahren nach Anspruch 1 bis 6, wobei Daten iiber zwei oder mehr
Zweidrahtleitungen, die zumindest teilweise in Ubersprechabstand gefithrt sind,
iibertragen werden, dadurch gekennzeichnet, daB der Zeitmultiplex-Betrieb (TDM)
auf allen Zweidrahtleitungen synchron durchgefilht wird, sodaB auf allen
Zweidrahtleitungen gleichzeitig entweder gesendet oder vempfangen wird. V
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Digital data in error protected packets is used to modulate a carrier and the modulated carrier is impressed on a digital data
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METHOD OF OPERATING A DIGITAL DATA DISTRIBUTION NETWORK

Background of the Invention
This invention relates to method of operating a digital
data distribution network.
In a conventional cable television system, a video
information signal in analog form, such as the NTSC composite

video signal, is employed to modulate the RF carrier of an

assigned RF transmission frequency channel at the system
headend and the RF signal is distributed over a cable network
to multiple subscriber nodes. At a subscriber node there’may

be a cable-ready television receiver including a tuner which

can select the frequency channel and a detector which

redovers'the video information signal from the selected
channel and employs it to control operation of the television
display.

‘A data distribution system in which the information
signal is transmitted in digital form has well known
advantages over a system in which the information signal is
transmitted in analog form.v Accordingly, it has been

proposed by the United States Federal Communications

Commission (FCC) that terrestrial transmission systems under
the jurisdiction of the FCC should phase out use of the NTSC
composite video signal by 2007 and should instead use digital
video information signals to.modulate RF carriers. The
digital video information signal provided by a video signal
source will then be composed of a succession of bits ‘
segregated into digital data packets. The data packets
modulate an RF carrier which is broadcast from the

‘transmitter. Each period of the RF carrier conveys several

bits of the digital information signal in one symbol. For
example, in the 64QAM modulation scheme, each symbol conveys
six bits of the digital information signal. The television
receiver selects the frequency channel, detects an analog
information signal, converts the detected information signal
to digital form and recovers the digital data packets. The
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digital information signal is ther used to control operation
of the television display. ' ‘ '

The change in standards from analog to digital for
terrestrial television transmission effectively dictates that
cable television systems will also have to providé.digital
video signals in order for the video signals to be compatible
with digital television receivers. ‘ ' o

Referring to FIG. 1, a digital cable television system
includes a digital processing interface 8 which receives a
digital video information signal, such as the MPEG transport
stream, and generates an error protected digital signal
composed of a succession of error protected digital éignal
packets. The error protected digital signal is applied to a
modulator 10 which employs it to modulate an RF carrier which
is typically in the frequency range 50-550 MHz, although it
may be higher or lower. The digitally modulated RF carrier )
is supplied to a transmitter 14 which impresses the signal on
a propagation medium 16. In the case of a cable television
system, the propagation medium is a network'of'coaxial cables
configured as a trunk extending from the transmitter 14 and
having numerous branches connected to the trunk by
directional couplers 18, sub-branches connected to the
branches by directional couplers, and so on, and connected at
the subscriber nodes to digital television receivers 20.

Each receiver 20 has a front end 22 including ‘a tuner
(not shown) which converts the RF signal to intermediate
frequency and an analog-to-digital converter (ADC) 26 which
digitizes the IF signal and provides a digital output signal
to a demodulator 30. The demodulator 30 removes the IF
component and provides .a digital output signal, which,
ideally, should match the error protected digital signal
provided to the modulator 10. The receiver front end 22 also
includes a digital processing circuit 32 which carries out
the inverse of the error protection algorithm employed at the
headend and ideally provides at its output a digital wvideo
information signal which matches the signal suppiied to the
digital processing interface 8. The digital video
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information signal from the digital processing circuit 32 is
supplied through a decoder (not shown). which the MPEG
transport stream and supplies an analog video signal to
display circuitry 34 to control operation of the television

5 display. .

Error protection is employed in the digital cable
television system to allow correction of bit errors, i.e.
incorrect values of digital 1 or digital 0, in the output
signal of the demodulator 30 caused by impairments in the

10 transmission path from the input of the modulator 10 to the
output of the demodulator 30.

Provided that the bit error rate is below a critical
value, known as the critical bit error rate and generally
considered to be about 10 for a digital television signal,

15 digital error correction techniques can correct the errors
and provide a signal having a bit errdr rate that may be less
than 10°!!, which is sometimes referred to as quasi-error
free. The maximum bit error rate that can be tolerated is
considered to be about 107 before error correction.

20 Some video signals in a cable system are transmitted in
encrypted form in order to restrict their use to subscribers
who have paid an additional fee, either on a periodic basis
for premium channels or on a pay-per-view basis fdr
paréicular programs. In this case, the digital processing

25 interface 8 not dnly applies a digital error protection

‘ algorithm but also encrypts the digital video information
signal, so that the digital data packets provided to the
modulator 10 are error protected and encrypted. In order to
decrypt the digital data packets and regenerate the analog

30 wvideo signal, the subscriber is provided with a set top
terminal 40 which is connected between the cable system
connection and the'display circuitry 34, by-passing the front
end 22. The set top terminal includes a tuner (not shown) an
ADC 42, a demodulator 44 and a digital processing circuit 46,

35 performing the same general functions as the front end 22,
but the digital processing circuit 46 performs not only error
correction to recreate the digital signal applied to the
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modulator 10 but also decryption in order to extract the
digital video information signal supplied to the digital
processing interface 8. It is expected that much of the

programming distributed by digital transmission cable systems

will be transmitted in encrypted form, so that a subscriber

will need a set top terminal, or eguivalent functionality
built into the television receiver, in order to display a
variety of programming. ‘

The economic value of a cable television distribution
system resides in its ébility to distribute video payload,
i.e. the program material that subscribers wish to view, to a
large number of subscribers without excessive degradation;
The éystem operator derives revenue based on the system’s
ability to distribute the video payload. Accordingly, it is
important that the system operator be warned of impairments
in the distribution system, so that these impairments can be
corrected before they adversely affect the ability of the
system to distribute video payload and hence the revenue
derived by the system operator. The operator must therefore
be able to measure impairments in transmission quality so
that appropriate repairs can be made. Typical impairments
that should be detected and repaired are reductions in
signal-to-noise ratio (SNR), e.g. due to noise being coupled
into the transmission channel, reductions in freguency
response, reductioné in phase response, phase noise, jitter,
addition of interfering signals and addition of multipath
signals. '

Hitherto, it has been suggested that the bit error rate
of an RF digital transmission system may be a satisfactory

measure of transmission channel quality, but this measure is

subject to disadvantage because an RF data distribution
system in which the information signal is digital is subject
to the “cliff effect," in that the curve that relates bit
error rate to the quality of the transmission channel,

expressed as signal-to-noise ratio, has a very steep drop

off. Thus, referring to FIG. 2, a change of less than 1.5 dB
in signal-to-noise ratio can cause the bit error rate to

oomnavEa~ 1 -
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change from less than 10 to more than 1073. The curves shown
in FIG. 2 assume that the only impairment is noise when in
fact there will always be other impairments, which can make
the drop off even steeper. Accordingly, the system operator
5 is not alerted to impairment of the transmission quallty of
the channel either by BER measurements or by a relatlvely
small increase in subscriber complaints. On- the.contrary,
the operator may not learn bf an impairmeht until‘thersystem
fails. This makes it difficult to monitOf the noise margin
10 in the system, to track degradations and fix degradatlonsi
before a system fallure . i
In a report issued by the European Telecommunlcatlons
Standards Institute (ETR 290 May 1997), it is suggested that
the estlmated noise margln is a better 1nd1cator of
15 transmission channel quality than bit error rate. The
estimated noise margin is based on the probability of
mathematically added noise causing a bit error and is
approximately the difference between‘the_current éestimated
signal-to-noise ratio and the estimated signal-to-noise ratio
20 at which the bit error rate exceeds the ¢ritical bit error
rate. . Use of the estimated noise margin to identify '
impairments is subject to disadvantage because it is
computationally expensive and is not applicable to
impairments other than noise. Further, its reliability is
25 limited because there is an unknown set of errors associated
with calculating the estimated noise margin. ‘since the
estimated noise margin is not the same as the actual noise
margin, there is a possibility that the current signal-to-
noise ratio is substantially less than the estimated signal-
30 to-noise ratio, and consequently the actual noise margin may
be substantially less than the estimated noise margin. It
would therefore be desirable to determine the actual noise
margin of the transmission channel.

35 Summary of the Invention

In accordance with a first aspect of the invention there
is provided a method of operating a digital data distribution

BNSDOCID: <WO___8926375A2.1_>
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network having a transmitter and a receiver, wherein digital
data is transmitted in efror protected packets from the
transmitter to the receiver over a transmission path by
employing the digital data to modulate at least one carrier
and impressing ﬁhe modulated carrier on the network, said
method comprising (a) generating an error protected data
packet for transﬁission over the transmission path, (b)
impairing the transmission path to a selected extent upstream
of a transmission path segment that is to be tested, (c¢)
transmitting the data packet over the transmission path, (4)
receiving the data packet at the receiver, and (e)
determinihg whether the received data packet is error free.

In accordance with a second aspect of the invention
there is provided a method of operating a digital data
distribution network having a transmitter and a receiver,
wherein digital data is transmitted in error protected
packets from the transmitter to the receiver over a
transmission path by employing the digital data to modulate
at least one carrier and impressing the modulated carrier on
the network, said method comprising (a) generating an erroxr
protected data packet for transmission over the transmission
path, (b) transmitting the data packet over the transmission
path as an analog signal, (c) receiving the analog signél at
the receiver, (4d) recording the analog signal received at the
receiver, and (e) transmitting the record of the analog
signal to a remote location for analysis.

In accordance with a third aspect of the invention there
is provided a method of operating a digital data distribution
network having a transmitter and a feceiver, wherein digital
data is transmitted in error protected packets from the
transmitter to the receiver over a transmission path by
employing the digital data to modulate at least one carrier
and impressing the modulated carrier on the network, said
method comprising generating an error protected data packet
for transmission over the transmission path, impairing the
transmission path to a selected extent upstream of a
transmission path segment that is to be tested, transmitting

INSDOCID: <WO_._9926375A2_|_>
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the data packet over the transmission bath, receiving the
data packet at the receiver, and counting bit errors in the
received data packet.

' In accordance with a fourth aspect of the inﬁéntion
there is provided a method of operating a digital data
distribution network having a transmitter and a receiver,
wherein digital data is transmitted in error protected
packets from the transmitter to the receiver over a
transmission path by employing the digital data to modulate a
carrier and impressing the modulated carrier on the network,
said method comprising (a) generating an error protected data
packet for transmission over the transmission path, (b)
impairing the transmission path to a selected extent upstream
of a transmission path segment that is to be tested, (c¢)
transmitting the data packet over the transmission path as an
analog signal, and (d) receiving the analog signal at the
receiver.

Brief Description of the Drawings

For a better understanding of the invention, and to show
how the same may be carried into effect, reference will now
be made, by way of example, to the accompanying'drawings, in'
which

FIG. 1 is a partial schematic block diagram of a
proposed form of cable television system, ‘ '

FIG. 2 is a graph illustrating bit error rate as a
function of signal-to-noise ratio in a digital data
communication system. '

FIG. 3 is a partial schematic block diagram of the
headend and receiver in a cable television system embodying
the present invention, )

FIG. 4 is a map of part of a cable television system,
and . »

FIG. 5 is a partial schematic block diagram of a digital
subscriber line system.

BNSDOCID: <WOQ___9926375A2 |_>

Page 438 of 605



10

15

20

25

30

35

WO 99726375 8 PCTUS98/23336

Detajiled Description

A first application of the invention will be described
with reference to a digital cable television system.

The cable TV system shown in FIGS. 3 and 4 is used to
distribute digital video information signals from a headend
48 to subscriber nodes 50. Referring to FIG. 3, the headend
48 includes a digital processing interface 8, a modulator 10

-and a transmitter 14 similar to the corresponding elements

shown in FIG. 1. The digital processing interface receives
the MPEG 2 transport stream and performs various operations,
including energy dispersal, error protection, interleaving
and base band shaping in order to generate inphase and
quadrature signals which are applied to the modulator 10.
All the functions of the digital processing interface,
possibly also the functions of the modulator, may be

performed in a single integrated circuit. In addition, the

and

headend 48 includes an impairments generator 60. The
impairments generator 60 may be located between the
transmitter 14 and the cable network 16, as shown in FIG. 3,
or it may be incorporated in the digital processing interface
8 or the modulator 10. The effect of the impairments
generator 60 is to degrade to a selectively controllable
extent the quality of the transmission path between the
digital processing interface 8 and the subscriber nodes 50.
The impairments generator may function by adding noise to the
transmission channel or degrading the frequency response or
phase response of the transmission channel. Further, the
impairments generator may introduce "spurs" (spurious
modulation products) and phase noise or jitter. The manner
in which the impairments can be applied to the transmission
channel is well known to those skilled in the art.
Considering, for example, the signal-to-noise ratio, the
quality of the channel may be degraded at the headend using
an impairments generator that couples noise into the
transmission channel. The extent to which the signal-to-

noise ratio is degraded depends on the amplitude of the
noise. '
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As shown in FIG. 4, the cable network 16 includes a
trunk extending from the headend 48. Branches and sub-
branches are connected to the trunk by directional couplers
18. Each subscriber node 50 is at the end of a branch or
sub-branch. The cable system operator maintains & map of the
cable network, showing schematically the topology'of the path
to each subscriber node 50. At each active subscriber node
50, there is a diagnostic cable receiver 64 (FIG. 3)
connected between the cable network and the display circuitry
34 of the subscriber'’'s digital television receiver. The
cable receiver 64 may be implemented as a set top terminal or
it may be housed in the same cabinet as. the digital
television receiver. Each cable receiver has a unique ID and
the cable system operator maintains a database relating cable
receiver IDs with the subscriber nodes and billing addresses.

If the database also relates the cable receiver IDs with
physical addresses, the system operator is able to determine
not only the physical location of each cable receiver but
also the topology of the path between the headend and each
cable receiver.

Referring to FIG. 3, the cable receiver 64 includes a
tuner (not shown) for converting the received signal to the
intermediate frequency, an ADC 66, a demodulator 68, a
digital processing circuit 70 and a decoder (not shown),
similarly to the set top terminal 40.describéd with reference
to FIG. 1. A controller 74 included in the cable receiver
controlsAoperation of the other components of the cable
receiver 64. .

The capabilities of the digital processing circuit 70
are expanded relative to those of the digital processing
circuit 46. The digital processing circuit 70 has a video
data output for supplying the MPEG transport Stream to the
decoder, which supplies an analog video signal to the display
circuitry 34 of the digital television receiver. The digital
processing circuit 70 includes an error bits counter which
accumulates the number of error bits in the received signal.

The error bits counter can be queried by the controller 74

BNSDOCID: <WO.___9926375A2_1_>
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and reset from time to time, so that the controller is able

‘to calculate the bit error rate based on the error bit count

and the time that has elapsed since the counter was reset.
The controller 74 supplies a digital data word representing
the calculated value of the bit error rate to a digital
processing interface 76, which produces an error protected
data packet. ‘

The cable receiver 64 also includes a memory 80 which

~can be enabled to store the output signal of the ADC 66

during a selected interval. The stored digital signal is
applied to the digital p:ocessing interface 76 to generate an
error protected data packet. The error protected.data-packet
produced by the digital processing circuit 76, either from
the bit error rate word or from the signal provided by the
memory 80, is supplied to a modulator 82. The modulator 82
uses the error protected data packet to modulate an RF
carrier, typically at a frequency in the range 5-50 MHz,
although it may be higher or lower. The modulated RF signal
is applied to a transmitter 84 which impresses the signal on
the cable network.

The headend 48 of the cable system also includes a
receiver 90 for receiving the return messages provided by the
transmitter 84 in each of the cable receivers 64. The ,
receiver 90 includes a tuner (not shown), an ADC 92 which
digitizes the return message signal, a demodulator 94 which
removes the IF component and provides a digital output signal
which, ideally, should match the error protected return
message packet provided by the digital processing interface
76, a digital processing circuit 96 which carries out the
inverse of the error protection algorithm employed in the
digital processing interface 76 and ideally provides at its
output a data signal which matches the input signal provided
to the digital processing interface 76, and a report/display
device 98. It will be understood that the headend includes a
controller (not shown) for controlling operation of the
various c¢omponents thereof.
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In a first mode of operation of the cable television
system shown in FIG. 3, the system is used to measure the bit
error rate of the transmission channel to each of the
subscriber nodes. In this mode of operation, the headend’

5 controller issues a signal which is transmitted to the cable
receivers, instructing the cable receivers‘to calculate bit
‘error rate during a selected measurement interval, which may
be defined by reference to start and stop flags included in

_ the data stream or by reference to specific start and stop
10 times supplied to the cable receivers by the headend.

' During the measurement ihterval, the controller 74
calculates the bit error rate and provides an output woxrd
representative thereof. The calculated bit error rate isg
reported back to the headend with the cable receiver ID and a

15 report or display is génerated. The report/display device
may accumulate information received from numerous cable
" receivers 64 and generate a report or'display showing trends
‘in bit error rate with time. ‘
Alternatively, or in addition, the report/display device
20 may generate a report or display showing bit error rate as a
function of the locations of the cable receivers in the cable
netwérk, for example. The system operator is thereby able to
determine, on a node-by-node basis, the bit error rates of
the signal propagation paths.between the transmitter 14 and
25 the subscriber nodes. By comparing the bit error rates
reported by different cable receivers,ithe cable system
operator may be able to determine the location in the cable
network of a particular impairment. For example, referring
to FIG. 4, if the cable receivers at nodes 50C and 50D have
30 poor transmission margin compared to the terminals at nodes
50a, 50B, 50E and SOF, indicated by high bit error rate, then
it is likely that there is an impairment between the
directional couplers 18, and 18, ;.

It will be appreciated that a test of this nature will

35 generate a response message from each cable receiver, and
accordingly it may be advantageous to instruct only selected

RANSDOGID: <WO  §826375A2 | >
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cable receivers to calculate the bit error rate and provide
return messages. A

As noted previously, the bit error rate of the
propagation path may be of limited value for monitofing
degradation of the transmission quality, and it may be better
to measure noise margin. '

In order to measure the noise margin, i.e. the
difference between the current signal-to-noise ratio and the
SNR at which the bit error rate exceeds the critical bit
error rate, the headend controller instructs the cable
receivers (or a selected group of cable receivers) to report
when the bit error rate calculated by the controller 74
exceeds the critical bit error rate. The headend controller
operates the impairments generator 60 to add a noise
impairment to the signal emitted by the transmitter. The
noise amplitude is progressively increased, for example in
stair-step fashion. 1In each of the cable receiﬁers addressed
by the headend controller, the controller 74 provides an
output indicating the bit error rate. When the bit error
rate at a given cable receiver 64 without addition 6f the.
noise impairment is sufficiently low, and the bit error rate
with addition of the noise impairment exceeds the critical
bit error rate, the level of impairment introduced by the
impairments generator is approximately equal to the noise
margin for the transmission channel from the transmitter 14
to that cable receiver. (If the impairments generator were
upstream of the transmitter, the level of impairment
introduced by the impairments generator would be related to
the noise margin for the segment of the transmission path
between the impairments generator and the cable receiver.)
The cable receiver reports that the critical bit error rate
has been exceeded, and includes its ID in the report. The
cable system operator is thereby able to determine the noise
margin to critical bit error rate on a node-byfnode basis by
correlating the cable receiver IDs with the level of
impairment at which each cable receiver provides a report.

It is, of course, necessary to correlate the report that the
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critical bit error rate has been exceeded with the noise
level at which the report was generated. This may be
accomplished by including framing bits in the signal
transmitted by the head end in the event that the cable
receiver reports immediately that the critical'bit error rate
has been exceeded. Alternatively, the headend.controller'may
maintain a log recording level of impairment as.a function of
time and the report could include a time stamp indicating the
time at which the critical bit error rate was exceeded.

It may be helpful in locating system impairments in the
system shown in FIG. 3, to apply an impaifment to the '
transmission channel and observe the effect of that
impairment at multiple locations simultaneously.

If there is an impairment in the trunk of the cable
network or in a majdr branch, it is likely that‘mény cable
receivers will respond to the stair—sﬁep type of impairment
and the reverse transmission system would become jammed by
the message storm. This can be avoided by testing all cable
receivers at relatively short intervals;iwith a small level
of impairment. Appropriate selection of the level of
impairment should ensure that relati&ely few cable receivers
will report a malfunction or failure condition. If this k
indeed occurs, the operator then has confidence that the
transmission channel has a reasonable margin. If there is an
unexpectedly largé number of return messages, the headend
controller may broadcast a message to all cable receivers
instructing them not to send error'information but to reset
and measure again. The headend then repeats the test with a
lower level of impairment in order to locate the regions of
the network for which the noise margin is sﬁallest. At
longer intervals, e.g. daily or monthly, the opefator tests
all cable receivers with a stair-step sequence of impairments
preceded by a message that the cable receivers should report
the result of the test only when polled. The headend then
polls the cable receivers and the cable receivers respond to
the poll by reporting the actual transmission margin. The
polling is best done during an idle period, so as not to
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interfere with revenue generating transmissions. Since the
transmission margin from the headend to each cable receiver
can be inexpensively monitored, the problem of locating an
impairment in the cable network is greatly simplified.

If multiple impairments exist, it can be difficult to
locate the impairment responsible for a failure condition.
For example, referring to FIG. 4, the reduction in
transmission margin. downstream of an impairment in cable
segment 102 may be quite small and may be swamped by another
impairment upstream in the system, e.g. in cable segment 104.
Alternatively, two different impairments, e.g. in cable
segments 102 and 106, may cause similar reductions in
transmission margin, thus leading to the erroneous

that there is a single impairment in a branch that

conclusion
is common
to the nodes 50C and 50E, e.g. cable segment 104. If the
impairments are of different types, e.g. noise and jitter,
this problem can be solved by classifying the impairments.

In order to classify impairments, it is necessary to
observe the effect of the impairments on symbols, as opposed
to the bits used to encode the symbols.

Impairments can be classified by comparing the wéveform
of the signal received at the subscriber node with the
waveform of the transmitted signal.

This is accomplished by using the memory 80 to capture
the digital output signal of the ADC 66 during a test
interval and transmitting the captured waveform back to the.
headend. The digital processing circuit 96 provides an
output signal that matches the captured portion of the output
signal of the ADC 66 and can be compared with the output
signal of the transmitter 14 duringAthe corresponding time
interval, so that the effect of the impairments on symbols
can be determined.

Alternatively, the captured sample of the waveform can
be analyzed locally using a measurement instrument.

There are several ways in which impairments can be
classified. One techhique is to derive the error vector

waveform and extract the spectrum of the error vector. The
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presence of various impairments, such as noise, coherent _
distortions and spurious modulation products, can be deduced
from the spectrum of the error vector. Amplitude and phase
modulation impairments can be deduced from the Hilbert
Transform of the error vector waveform.

The error vector waveform is derived by subtracting the
signal received at the input of the‘cable receiver from the

-transmitted signal. Typically, the cable receiver will
include an equalizer downstream of the ADC, often as part of

the demodulator. If the equalizer is upstream of the point
at  which the received signal is read for storing in the
memory 80, it affects the timing of the received signal and

'its effect must be removed in order for the received signal

waveform to_reflect‘the condition of the transmission path.
This can be accomplished by using the equalizer coefficientsi
to.createva-digital filter having a transfer function that is
the inverse of the transfer function of the equalizer. The
error vector waveform is then generated-by subtracting the
output waveform of the digital filter from the transmitted

. waveform.

v Once the impairments have been classified, a particular
exiétingbsystem impairment is chosen for testing. The chosen
impairment might be the impairment suspected of most‘likely
causing a reduced transmission margin. The impairments
generator then adds this impairment, at a sufficient level
thaﬁ the combined effect of the existing system impairment
and the added impairment will be greater than the level

previously detected for the existing impairment. Since the

‘normal cable receiver is not calibrated for level, and there

is a potential for destructive interference between the
existing system impairment and the added impairment, the new
aggregate level of impairment is best measured by repeating
the recording and classification process and~determining'by
how much the level of impairment has changed.. If addition of
this impairment causes a system failure report from the cable
receiver at one subscriber node but not from the cable

BNSDOCID: <WO____8926375A2_|_>

Page 446 of 605



10

15

20

25

30

35

WO 9926375 PCT/US98/23336

16

receiver at another node, it can be inferred that the. two
nodes are affected by different impairments.

If multiple similar impairments exist simultaneously,
the impairments cannot be separated by classification .and the
problem of locating the impairments is more complex. -
However, if several of the diagnostic cable receivers are
instructed to record the received waveform simultaneously,
signal processing of the digitized waveforms can be used to
extract the separate locations of the multiple similar
impairments. The cable receivers can be made to measure
simultaneocusly by means of two mechanisms. In accordance
with the first mechanism, a protocol that instructs all cable
receivers (possibly just all unused cable receivers or just
selected cable receivers) to tune to a particular channel and
stop recording when the end of a particular data packet is
received can be broadcast to all (or some) cable receivers.
This method can provide robust, but relatively coarse,
timing. More precise time correlation can be achieved by
inserting a time mark in the broadcast waveform, and suitable
signal processing can then be used to align the received
waveforms with the broadcast waveform. The time mark may be
inserted by transmitting a message such that there will be a
transition through a selected signal level, e.g. zero volts,
at a selected time, typically late in a packet.

One way of extracting the separate locations of multiple
impairments has two steps. First, the error vector waveform
for each subscriber node is generated by subtracting the
transmitted waveform from the waveform received at each node.
Second, the cross-correlation function cev (X, Y) of the
error vector waveforms for two subscriber nodes 50X and 50Y
is derived. Error vectors that are common to the two nodes
are revealed by the‘cross—correlation function. When
computing the cross-correlation functions along the logical
path of the network from an end point (such as a subscriber
node) toward the transmitter, the location of the impairment
can be determined when the value of the cross-correlation

function becomes smaller. For example, referring again to
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FIG. 4, and assuming that cev (E, F) ihdicates a common
impairment and cev (A, F) indicates that the common
impairment is missing, there must be an impairment between
the logical locations of nodes S50A and 50E in ther':

5 transmission path to node 50F. If cev (C, F) indicates a
common impairment, the impairment must be between the nodes
50A and 50C. Since the only part of the hetwork betWeen
nodes 502 and 50C that is in the transmission path to node
50F is the segment between the coupler 18, and the coupler'

10 18,, the impairment must be located there.

' . As a second example, if cev (C, D) indicates a common
impairment and cev (A, D) indicateS'that the common
impairment is missing, there must be an impairment’lbgicaily
located between node 502 and the coupler 185,1L, This implies

15 that the impairment must be located between the directional
coupler 18, and the coupler 18, ,. If cev (D, E) indicates
that the common impairment is missing, the impéirment-is not
between directional coupler 18, and the directional coupler
18,, and so the impairment must be between the dlrectlonal

20 .coupler 18, and the coupler 182 1- o

It is necessary to carry out the tests using the
impairments generator with minimal dlsturbance to the revenue
generating communication traffic. This is accompllshed by
adding the impairhents only to selected packets or segments

25 of data having a relatively low value withArespeét to the
revenue generating communlcatlon traffic.

Most digital video transmission systems utlllze the MPEG
transport stream. The MPEG transport stream is composed of
several MPEG elementary streams which are multiplexed to

30 produce the MPEG transport stream. Stuffing bits are
inserted in order to create the constant bit rate MPEG
transport stream. It is important that the impairment should
degrade only the stuffing bits or other nonjcustoﬁer (i.e.
non-payload) bits. Since the impairments are added in the

35 analog domain (in the case of the impairments‘generator being
downstream of the transmitter), the impairments are applied
to the transmitted symbols, in which several bits are
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encoded. Interleaving in constructing the transmitted data

stream may result in a symbol containing bits derived from
multiple elementary streams. Accordingly, it is necessary to
detect when a symbol consists entirely of non-customer bits
and degrade only those symbols. The cable receiver 64 can be
instructed to pick out a degraded symbol by including a
private data message in the MPEG transport stream. The
message might, for example, instruct the cable receiver to
piék out a numerically specified symbol after the next sync
byte after the Program Clock Reference for a spécified
Program ID. It will be appreciated that the impairments
could be added in the digital domain, e.g. in the digitalv
processing interface 8. In this case,

while the impairments
are added in the digital domain, they are nevertheless a
description of the desired analog waveform, so the
impairments are of an analog nature.

An alternative is to include the impairment at a time
when all of the payload bits are of relatively low perceived
value. For example, the operator might include a special
announcement simultaneously on all of the program streams
contained in a single transmitted channel. The time of
transmission of this announcement is chosen so that the
balance between the loss of advertising revenue and the
benefit of announcing the quality enhancement efforts is
optimized. The announcement might indicate that the system
operator is testing the network to ensure that subscribers
receive the best possible quality, and thereby has some
value. In either case, it is necessary to ensure that the
symbol that is degraded does not contain customer bits or
that the probability of causing an uncorrectable error is
acceptably low.

A cable television network may be used to provide

bidirectional voice communication, similarly to the public

telephone network. ; In this case,  the subscriber’s telephone

instrument is not connected to the public telephone network
but is connected through a suitable adapter to the television
cable network. The adapter digitizes the subscriber’s
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outgoing voice message and employs it to modulate a carrier,
and similarly detects and converts to analog form an incoming
digitized voice message. The headend is connected to the
telephone instrument of the other party to the call throﬁgh
5 another network, which might be the public teleph@né network

or include another cable distribution system. In either
case, voice messages are transmitted bidirectionally between
‘the subscriber node and the headend over the cable network by
‘digitizing the voice messages and modulating a carrier with

- 10 the digitized voice messages. The test method described
herein can be used for testing a transmission channel used
for voice transmission by providing a diagnostic function in
the equipment at the subscriber node. The diagnostic
function may be added to the functions performed in the

" 15 subscriber’s telephbne/cable adapter or may alternatively,be
provided by a separate diagnostic~réceiver.

Bidirectional voice transmissions tend to be bursty, but
excessive Iatency in response may be objectionable to the

) user. Accordingly, test packets should only be used during
20 transmission if they are short enough that they will not
cause excessive latency.  Alternatively, since voice
transmissions tend to be relatively short and have a protocol
for starting and finishing each transmiséion session; test
packets may be sent when setting up a call, tearing down a
25 ‘call, or during idle times.

FIG. 5 illustrates schematically a public telephone.
network including a node 110, such as a central office or
fiber node, and subscriber lines 114 extending from the
central node 110 to respective subscriber nodes 118. 2nalog

30 voice traffic may be carried on the lines 114. Digital data
may also be transmitted over the subscriber lines. For
example, the central node may be connected to an internet
service provider and provide for data transmission between a
subscriber node and the ISP. In accordance with an xDSL

35 protocol, such as ADSL (asynchronous digital subscriber
line), the digital data is used to modulate one or more

carriers, each having a frequency outside the audio range and
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the digital data can then be transmitted concurrently with
the analog voice traffic. In this case, the central node
includes an xDSL transceiver and the subscriber node also
includes an xDSL transceiver, for transmitting data between
5 the central node and the subscriber node using the ADSL
protocol. ,

The invention may be used to test the subscriber lines
114 to ensure that the digital data can be transmitted error
free. At the subscriber node, the xDSL transceiver includes,

10 or is provided with, a diagnostic receiver which opérates
similarly to the diagnostic cable receiver illustrated in
FIG. 3. This provides a technique for detecting impairments
in the transmission channel from the central node to
individual subscriber nodes before the transmission channel

15 is degraded to such an extent that error protected data
packets cannot be recovered at the subscriber node. The
other functions described with reference to FIGS. 3 and 4,
such as transmission of messages to a central location and
remote classification of impairments, apply to the system

20 described with reference to FIG. 5.

In the case of data transmission, it is much simpler to
include impaired packets in the transmission because data
transmissions are usually bursty. By using a broadcast
protocol, many subscriber lines can be tested in paréllel by

25 sending test packets to all subscriber nodes simultaneously.
When testing an individual subscriber line, it is necessary
to control operation of the impairments generator to ensure
that the packet address will not. be impaired, so that' the
subscriber node can correctly identify a packet intended for

30 it. Rather, only the data inside the packet should be
impaired.

It will be appreciated that the invention is not
restricted to the particular embodiments that have been
described, and that variations may be made therein without

35 departing from the scope of the invention as defined in the
appended claims and eqguivalents thereof. For example,
although the description of FIGS. 3 and 4 refers to the
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return path from the subscriber node 50 to the headend 48 as
being the cable that is used for transmission from the
headend to the subscriber node, it may instead be implemented
by another medium, such as the public switched telephone

5 network.

BNSDOCID: <WO___ 9926375A2 | _>

Page 452 of 605



10

15

20

25

30

35

WO 99/26375

PCT/US98/23336
22
Claims
1. A method of operating a digital data distribution

network having a transmitter and a receiver, wherein digital
data is transmitted in error protected packets from the
transmitter to the receiver over a transmission path by
employing the digital data to modulate at least one carrier
and impressing the modulated carrier on the network, said
method éomprising:v '
‘ (a) generating an error protected data packet for

transmission over the transmission path,

(b) impairing the transmission path to a selected extent
upstream of a transmission path segment that is to be tested,

(c) transmitting the data packet over the transmission
path, '

(d) receiving the data packet at the receiver, and

{e) determining whether the received data packet is
error free.

2. A method according to claim 1, further comprising,
if the transmission path is not error free, transmitting a

.message from the receiver to the transmitter.

3. A method according to claim 1, wherein step (c)

comprises progressively increasing the extent to which the
transmission path is impaired.

4. A method according to claim 1, wherein the network
has a plurality of receivers and digital data is transmitted
to the receivers over respective transmission paths, step (b)
comprises transmitting the data packet to the receivers over
the respective transmission paths, step (d) comprises
receiving the data packet at each receiver, and step (e)

comprises determining at each receiver whether the received
data packet is error free.

5. A method according to claim 4, further comprising,
if the transmission path to a selected receiver is not error
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free, transmitting a message from the selected receiver to
the transmitter, and analyzing messages received at the

transmitter.

5 6. A method according to claim 4, wherein the method
comprises detecting receivers that repbrt higher_than avefage
error rates and comparing the transmission paths to the
respective receivers in a manner such as to derive
information from the receivers that reporE higher than

10 average error rates. '

7. A method.according to claim 4, wherein Step (c)
cqmprises'progressively increasing the extent to which the
transmission path ‘is impaired and the method. further

‘15 comprises: )_ '
transmitting a message from a receiver to the
transmitter if the transmission path to that receiver is not
error free, and o '
correlating messages received at the transmitter with

20 the extent to which the transmission path is impaired.

8. A method of operating a digital data distribution
network having a transmitter and a receiver, wherein digital
data is transmitted in error protected packets from the

25 transmitter to the receiver over a transmission path by
employing the digital data to modulate at least one carrier
and impressing the modulated carrier on the network, said
method comprising: .

(a) generatihg an error protected data packet for

30 transmission over the transmission path,

(b) transmitting the data packet over the transmission
path as an analog signal,

(c) receiving the analog signal at the receiver,

(d) recording the analog signal received at the

35 receiver, and _

(e) transmitting the record of the analog signal to a

remote location for analysis.
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9. A method according to claim 8, wherein step (e)
comprises transmitting the record of the analog signal to the

transmitter for analysis.

'10. A method according to claim 8, wherein step (d)
comprises digitizing the analog signal and the method further
comprises deriving digital data from the digitized signal, .
forming a data packet from the digital data derived from ﬂhe
digitized signal, transmitting the data packet to the
transmitter as an analog signal, digitizing the analog signal

received at the transmitter, and processing the digitized
signal at the transmitter.

11. A method according to claim 10, wherein the step of
processing the digitized signal at the transmitter comprises
deriving the error vector waveform for the transmission path

‘to the receiver.

12. A method according to claim 8, wherein the network
has a plurality of receivers and digital data is transmitted
to the receivers over respective transmission paths, step (Q)
and
the method further comprises deriving digital data from the
digitized signal at each receiver, forming data packets at
the respective receivergs from the digital data derived from

comprises digitizing the analog signal at each receiver,

the digitized signal at each receiver, transmitting the data
packets to the transmitter as analog signals, digitizing the
analog signals received at the transmitter, and processing
the digitized signals at the transmitter, and the step of
processing the digitized signal at the transmitter comprises
deriving the error vector waveforms for the transmission
paths to at least first and second receivers and deriving the
correlated error vector function for the transmission paths
to the first and second receivers.

13. A method according to claim 8, wherein the network
has a plurality of receivers and digital data is transmitted
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to the receivers over respective transmission paths, and the
method comprises deriving digital data from the digitized .
signal at each receiver, transmitting the digital data to the
transmitter, ‘and analyzing data received from multiple
receivers to extract the locations of uncorrelated
impairments.

14. A method according to claim 8, comprising
prodessing the digitized signal to classify an impairment in
the transmission path and testing the transmission margin of
the transmission path with respect to the impairment by .
impairing the transmission path using that impairment.

'~ 15. A method according to.claim 8, further comprising:
impairing the transmission path to a selected extent upstréam
of a transmission path segment to be tested. ’

16. A method of operating a digital data distribution
network having a transmitter and a receiver, wherein digital

. data is transmitted in error protected packets from the

transmitter to the receiver over a transmission path by
employing the digital data to modulate at least one carrier
and impressing the modﬁlated carrier on the network, said
method comprising: .‘ ‘

generating an error protected data packet for'
transmission over the transmission path,

- impairing the transmission path to a selected extent

upstream of a transmission path segment that is to be tested,

transmitting the data packet over the transmission path,
receiving the data packet at the receiver, and
counting bit errors in the received data packet.

17. A method of operating a digital data distribution
network having a transmitter and a receiver, wherein digital
data is transmitted in error protected packets from the
transmitter to the receiver over a transmission path by
employing the digital data to modulate a carrier and
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impressing the modulated carrier on the network, said method
comprising:
(a) genefating an error protected data packet for
transmission over the transmission path,
5 © (b) impairing the transmission path to a selected extent
upstream of a transmission,path segment that is to be tested,

(c) transmitting the data packet over the transmission
path as an analog signal, and

(d) receiving the analog signal at the receiver.

10
18. A method according to claim 17, wherein the step of
impairing the transmission path comprises impairing the
transmission path by reducing its signal-to-noise ratio.
15 19. A method according to claim 17, wherein the step of

impairing the transmission path comprises impairing the

transmission path by reducing its frequency response.

20. A method according to claim 17, wherein the step of
20 impairing the transmission path comprises impairing the
transmission path by reducing its phase response.

21. A method according to claim 17, wherein the step of
impairing the transmission path comprises impairing the
25 transmission path by reducing its impulse response.

22. A method according to claim 17, wherein the step of
impairing the transmission path comprises impairing the

transmission path by introducing phase noise or jitter.
30
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DETERMINING THE PHYSICAL STRUCTURE OF SUBSCRIBER LINES

This is a continuation-in-part of Application No.
U.S. Application No. 09/294,563, filed April 20, 1999,

Background of the Tnvention

This application relates generally to commhniCations
networks, and more particularly, to determining electrical
propérties of multi-wire communication lines. B

Recently, there has been an increased demand for the
subscriber lines of plain old telephone services (POTS's)
toAcarry high-speed digital signals. The demand has .been
stimulated by home access to both the Intefnet and.distant
office computers. Both types of accéss typically employ a
POTS 1line as part of the path for carrying digital
signals. o

POTS's 1lines were built to carry voice signals at
audible frequencies and can also carry digital Signals aé
tone signals in the near audible frequency range. Modern
digital services such as ISDN and ADSL transmit data at
frequencies well above the audible range. At these higher
frequencies, POTS's lines that transmit voice 'signals well
may transmit digital signals poorly. Nevertheless,'many_'
telephone oOperating companies (TELCO's) would 1like to
offer ISDN and/or ADSL data services to their subscribers.

Telephone lines between a TELCO switch and
subscribers' premises are frequent sources of poor
performance at the high frequencies charactéristic'of ISDN
and ADSL transmissions. Nevertheless, high cost has made
widespréad replacement of these subscriber 1lines an
undesirable solution for providing subscribers with lines
capable of supporting ISDN and ADSL. A less expensive
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alternative would be to repair or remove only those
subscriber lines that are inadequate for transmitting
high-speed digital data.

To limit replacement or repair to inadequate 'lines,
TELCO's have placed some emphasis on developing methods
for predicting which subscriber 1lines will support data

services, such as ISDN and ADSL. Some emphasis has been
also placed on predicting frequency ranges at which such
data services will be supported. Some methods have also

been developed for finding faults in subscriber 1lines
already supporting data services -so that such faults can
be repaired. ' o '

Current methods for predicting the ability Aof

~subscriber lines  to support high-speed digital ..

transmissions are typically not automated, . labor
intensive, and entail test access at multiple. points.
Often, these methods entail using skilled interpretations
"of high frequency measurements of 1line parameters to
determine data transmission abilities. At a network
scale, such tests are very expensive to implement.

_ The present invention is directed to :.-overcoming or,
at least, reducing the ‘affects of one ‘or more of the
problems set forth above. '

Summary of the Invention

In a first aspect, the invention provides a method of
determining a physical structure of a subscriber line.
The method includes searching a reference set for a match

between the subscriber 1line and a model 1line of the

reference set and identifying that the subscriber line has
a specific physical structure. The match is based on
electrical properties of the ~lines. ‘ The act of
" identifying is responsive to finding a match with one of

RANSNOCIN: WO NORAIRNAY | >
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the model lines that has the specific physical structure.
In a second aspect, the invention provides a method

" of qualifying a subscriber line for a data service. ' The

method includes searching a reference set of model lines
for a best match to a subscriber line by comparing sets
of electrical properties and determining that the
subscriber line has a specific physical structure. The
act of determining is responsive to the'best matching
model line having the specific physical structure. The
method also includes disgualifying the subscriber line
for the data service, in part; in response to determining
that the specific physical structure corresponds to a v
‘disqualified line. ) '

‘ In a third aspect, the invention provides a method
of providing a data service. The method includes
:searching for a match between'electricai pr0perties'of av
‘subscriber line and a model line of a reference set and
determining whether the subscriber's line is qualified
for the data service. The act of determining is based in
part on whether the best matching model line has one of a
bridged tap and a mixture of gauges. The method also
ihciudes performing a business action in response to
determining that the subscriber's line is qualifiéd.

In a fourth aspect, the invention provides a data
storage device that stores an éxecutablé’ program,.of
instructions for causing é computer to perform one or more

' of the above-described methbdé.

Various embodiments use test accesses, which provide
data on low frequency electrical properties of>subscriber,
iines, to 'make " predictions. about high frequency
performance. ’

Page 478 of 605



WO 00/64130 ' PCT/US00/10301

Brief Description of the Drawings

Other features and advantages of the invention will
be apparent from the following description taken together .
with the drawings in which: _ ‘

5 FIG. 1 shows a portion of a POTS network.ﬁaQing a
system for detecting faults in subscriber telephoné lines;

FIG. 2A shows a first measuring setup for making one-
ended electrical measurements on a subscriber telephone
line; . ' I v

.10 FIG. 2B is an eguivalent circuit for the neasurlng
' setup of FIG. 2A;

FIG. 2C shows a second measuring setup. for making
one-ended @ electrical measurements on a subscriber
telephone line; ‘ ' .

15 FIG. 3 illustrates signal distortions produced by the
test bus and standard voice test access;

FIG. 4 shows a split pair fault in a subscriber line;

FIG. 5 shows how a splice errorvcan produce a split -
pair fault;

20 FIG. 6A shows a 'phasé measurement signatUré of é
resistive imbalance on a subscriber line;:

FIG. 6B shows a phase measurement 51gnature of a
split pair fault on a subscriber line; :

FIG. 7 is a flow chart illustrating a method of

25 detecting faults on subscriber lines with the system of
FIGs. 1, 4, and 5; '

FIG. 8 is a flow chart illustrating a. méthod of
qualifying subscriber lines with the method of FIG. 7;

FIG. 9 shows a method of providing'high’spéed data

30 services usxng the methods of FIGs. 7 and 8; .

FIG. 10A-10E show exemplary subscriber 1lines hav1ng
. different gauge mixes:; ‘

FIG. 11 shows a subscriber line with a bridged tap:;

ANSDOCID <WO  0064130A2 | >
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FIG. 12A-12E shows exemplary structures of subscriber
lines having one bridged tap:
FIG. 13 is a flow chart for a method of determining
the specific physical structure of a subscriber line from
5 a reference set; o
FIG. 14 is a flow chart for a method of finding a
best match between a subscriber and model lines;
FIG. 15 is a flow chart for a method of quallfylng
subscriber lines; and
10 FIG. 16 is a flow chart for a business method of
providing high-speed data services to subscribers. ,
FIG. 17 is a flow chart for a stacked method of
.detecting bridged taps using auxiliary variables;
FIG. 18A shows predicted and actual signal
15 attenuations of nominal subscriber lines;
FIG. 18B shows predicted and actual signal
attenuations of non-nominal subscriber lines; '
FIG. 18C shows predicted, shifted predicted, and
actual signal attenuations for an exemplary nominal
20 subscriber line; '
’ FIG. 19 shows an exemplary decision tree; v
FIG. 20 illustrates the action of the rules of the
décision tree of FIG. 19 on a set of subscriber lines;
FIG. 21 is a flow chart illustrating a 'method of
25 creating the decision trees with machine learning methods;
and ‘ ' '
_ FIG. 22 is a flow chart for a method of determiniﬁg'
the branching rules of the decision tree illustrated in
FIGs. 19-20.
.30 .
Description of the Preferred Embodiments
MEASUREMENT AND TEST APPARATUS
FIG. 1 shows a portion of a POTS network 10 that has
a system 11 for detecting faults in subscriber lines 12-
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14. The subscriber lines 12—14 connect subscriber units
16-18, i.e., modems and/or telephones, to a telephony
switch 15. The switch 15 connects the subscriber lines

12-14 to the remainder of the telephone network 10. -The
s switch 15 may be a POTS switch or another device[‘e.g.,'a
digital subscriber loop access multiplexer (DSLAM).

Each subscriber 1line 12-14 consists of a standard
twisted two-wire telephone line adépted -to voice.
transmissions. The two wires are generally-referred to as

10 the ring AR@ and tip AT@ wires. ’

A large portion of each subscriber line 12-14 is
housed in one or more standard telephone Cables 22. The . .
cable 22 car;ies many subscribef lines 12-14, e.g., more .

‘than a dozen, in a closely packed configuration. The
15 close packing creates an electrical environment that
changes transmission  properties of the individual

subscriber lines 12-14.
Electrical measurements for detecting liné faults are
performed by a measurement unit 40. . In wvarious
20 embodiments, the measurement unit 40 includes one or both
devices 41 and 43. Each device 41, 43 performs one-ended
electrical measurements on selected lines 12-14. In
preferred embodiments, the electrical measurements are
one-ended. The device 41 performs measurements on tip and
25 ring wires of a selected subscriber line 12-14 in a common
mode configuration and produces results useful for
detecting split pairs. The device 43 can - measure .
admittances of the tip and ring wires of a selected lihe
12-14  either separately or together - and produces data
30 useful for determining the specific physical line
structure. The measurement unit 40 may also house other

devices (not shown) for performing other types of

electrical measurements, i.e., one-ended or two-ended

measurements. The measurement unit 40 couples to the
- 6 -

RNSNNANIN: AN ONRA1RNAY | 5

Page 481 of 605



. WO 00/64130 . PCT/US00/10301

switch 15 via a test bus 42. . o

The devices 41, 43 connect to the switch 15 through
the test bus 42 and a standard voice test access 44. The
voice test access 44 electrically connects eithgr\'the

.5 device 41 oxr device 43 to the subscriber lines 12-14
selected for testing. The voice test access 44 éénerally_
transmits electrical signals with low frequenciesrbetween
about 100 Hertz (Hz) and 20 kilo Hz (KHz). "But, the test
access 44 may transmit signals at highér frequencies,

10 e.g., up to 100 to 300 KHz, in some .switches 15.

The measurement unit 40 is controlled by gcmpute:‘46,
which selects the types of measurements pérformed,» the
device 41, 43 used, and the subscriber lines 12-14 to
test. The cqmputef 46 sends control Signals ‘to - the

15 measurement unit 40 via a connection 48, e.g., a line,
network, or dedicated wire, and 7receives_ measurement
results from the measurement wunit 40 via the same
connection 48. .

The computer 46 contains a software program for

20 controlling line testing by the measurement unit 40 and
-for detecting line conditions or faults with results from
the measurement unit 40. The -software prbgram is stored,
in executable form, in a data storage device 49,_e;g., a
hard drive or random access memory (RAM). The program may

25 also be encoded on a readable storage medium 50, such as
an optical or magnetic disk, from which the prbg:am can be
executed. - '

To perfoﬁn a test; the measurement unit 40 signals
the voice test access 44 to connect the line 12-14 to be

30 tested to wires of the bus 42 for connectihg to internal
devices 41, 43. Then, one or both of the internal devices

' 41, 43 performs electrical measurements on  the selected
line 12-14. After the measurements are completed, the
measurement unit. 40 signals the switch 15 to disconnect

ANSDOCID: <WO  00684130A2 | >

Page 482 of 605



WO 00/64130 PCT/US00/10301

the line 12-14 from the wires of the bus 42.

The computer 46 can classify selected subscriber
lines 12-14 prior to fully connecting the lines 12-14 for
data services. The range of possible classes to which a

5 line 12-14 can be assigned will depend on the business
needs of a TELCO. A simple, but very useful set of
classes is "qualified" and "disqualified"” to provide data
services. Qualification is based on ‘determining, with
high certainty, that a selected line 12-14 will support a

10 specified data service. Disqualification is based on
determining, with high certainty, that the selected line
12-14 will not support the specified data service.

FIG. 2A shows a first setup 52 for .per‘forming one
type of one-ended electrical measurements with the device

15 41. The measurements are used to detect faults such as
split pairs in the subscriber lines 12-14 of FIG. i.

The device 41 has a variable frequency voltage source
54 for driving the tip and ring wires T, R of the
subscriber line: 12-14 under test. The voltage source

20 drives both wires together, i.e., in a common mode
cdnfiguration, at a frequency controlled by th
measurement unit 40. The tip -and ring wires T, R of the
line 12-14 under test are connected to the device 41 via
the voice test access 44.

25 " The voltage source 54 connects to one side of
resistors R; and R;. The second side of resistors R; and R:
connect to the respective tip and ring wires T, R of the
‘subscriber 1line 12-14 under test. Thué, the wvoltage
source 54 drives the tip and ring wires T, R in common

30 mode through the corresponding resistors R; and R..

The resistors Ry and Rz have equal resistances so that
the voltage source 54 induces equal voltages Vi3, V2 between
each resistor R;, Rz and ground if the currents I, Igx
therein are also equal. Differences in the input
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impedances 2r, Zr of the tip and ring wires T, R make the
voltages Vi, V2 differ in amplitude and/or phase. For
example, mutual inductance effects produced by a split
pair can make the input impedances Zr, Zr unequal. ’

5 Voltmeters VM; and VM; measure amplitudes and phases
of voltages Vi and V2, respectively. From measuremehts of
the voltmeters VM; and VMz, the computer 46 can obtain the -
phase difference between V), and V;. B . ‘

FIG. 2B shows an equivalent circuit 55 for the

.10 measurement setup 52 of FIG. 4. In the common 'mode
configuratibn, the tip and ring wires T', R act as elements

of independent circuits 56, 57 that connect the voltage

. source ‘54 to a common ground 58. The tip wire T is
equivalent to an impedance 2Zr in the circuit 56, and the

15 ring wire R is equivalent to an impedance Zs in the circuit
57. _ . . N '

The ' input impedances Zr and ’ZR may .have different

amplitudes and/or phases due to the presence of a fault on

_ _either the tip or ring wires T, R. Different values for 2.

20 and Zr produce different currents ITFand Ir in the circuits

56 and 57 and different measured voltages Vi and V. The

phase of the voltage difference V; - V; is proportional to

the phase difference between the input impedances of the

Vtip and ring wires T, R. In the phase of the difference' Vi

25 - V2, termination effects associated with the attached.
" subscriber unit 16 can largely be ignored.

FIG. 2C shows a measuring setup 60 for performing
one-ended electrical measurements on a selected subscriber
line 12-14 with the device 43 shown in FIG lv., The device

30. . 43 measures electrical properties, which can be used to
determine the specific phy31cal structure of the lines 12-
14 and to determine 1line conditions and faults as is
described below. Some methods for detecting line faults
and conditions with the device 43 have been described in
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'U.S. Application No. 09/294,563 (‘'563), filed April 20,
1999. The ‘563 application is incorporated herein, by
reference, in its entirety. .
The device 43 1is édapted to measure admittances
between the tip wire T, ring wire R, and ground G for a
subscriber 1line 12-14 being tested. The tip and . ring

wires T, R of the 1line 12-14 being tested couple. to

driving voltages V;’ and V2’ through known conductances G
and Gr. The tip and ring wires T, R also _connect to
voltmeters V. and V.. The V¢ and V. voltmeters read the
voltage between the tip wire T and ground G and between
the ring wire R and grouhd G, respectivelyf The readings
from the voltmeters V¢ and V; enable the computer 46 to
determine three admittances Yeg, Yer, and Yy between  the
pairs tip-ground, tip-ring, and ring-ground, respectivély.
The device 43 can measure the admittances at preselected

frequencies in the range supported by ‘the voice test

access 44. The ‘563 application has described methods for
performing such measurements.

Referring to FIG. 3, the computer 46 may compensate
for signal distortions introduced by the  test bus 42
and/or the voice test access 44. To perform compensation,
the computer 46 treats the two lines of the‘cémbined bus
42 and test access 44 as a linear two port systems. Then,
the currents and"voltages Iz', Ve' and 1Ir', Vs' ,at” the
output terminals of the measurement device 40 are related
to the currents and voltages Ir, Vr and Iz, Vr on the output
terminals of the tip and ring wires T, R by the folloﬁing
2x2 matrix equations: ' L
[Ir, Vr]l = A(f) [Ir', Ve']® and [Ir, Vr] = A'(f) [Is', Va']".
The frequency dependent matrices A(f) and A'(f) are
determined experimentally for each bus 42 and voice test
access 44. Then, the computer 46 calculates the
impedances or admittances of the tip and ring wires T, R
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with the currents and voltages Ir, Vr and Is, Vs obtained
from the above equations. .
The measurement unit 40 . and computer 46 can detect
faults such as split pairs, resistive imbalances,'metallic
5 faults, load cdils, bridged taps, gauge mixtures, and high
signal attenuations. Cd—peﬁding U.S. Patent Application’
09/285,954 ('954), filed April 2, 1999, vdeséribes the
detection of some of these faults and is ihCorpdiated
herein by reference in its entirety. '

10 _
SPLIT PAIRS _
Referring again to FIG. :1, close prOXimity can
inductively produce cross talk between the subscriber
lines 12-14. Cross talk is frequently caused by large
15 noise or ringing signals on one of the lines 12-14. The

large signal inductively produces signals on  nearby lines
12-14. To reduce cross talk, the tip and ring wités T, R .
of each subscriber line 12-14 are either tightly twisted
together or kept in close proximity in the Cablé 22. In
20 this way, stray signals affect both wires of a pair so
that induced signals do. not impact the differedce signal
between the tip and ring wires. :
Referring to FIG. 4, the tip and ring wires T', R' of
a subscriber line 24 are separated spatially in a portion

25 of cable 26. The portion of the subscriber line 24 in
which the tip and ring wires T', R' are - spatially
‘separated is referred to as a split pair. A split pair

T', R' has a high risk of picking up cross talk other
lines 28-29 in the same cable 26 or external noise sources

30 such as power lines (not shown). _

- Split pairs also introduce impedance discontinuities
into subscriber lines, because the split pair creates a
localized and _abxupt impedance variation. ' Impedance
discontinuities can cause signal reflections and high
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signal attenuations for high-speed digital transmissions.
FIG. 5 illustrates one type of split pair, i.e., a
split pair caused by ‘a splice error. The splice error
occurred when two portions of a subscriber line 32, which
are located in two different cables 33, 34, were joined.
The splice 35 has joined tip and ring wires Ti, Rz from two

different twisted pair linés 36, 37 in the cable 33 to tip -

and ring wires T3, Rs of a single twisted pair 38 in the
adjacent cable 34. The tip and ring wires Ti, Rz of the
portion of the subscriber line 32 are widely separated in
a substantial portion of tHe cable 33. Thus, the tip and
ring wires T1, Rz form a split pair.

Detection of 'split pair faults is difficult for

several reasons. First, split pairs do not- produce easily
detected effects such as metallic faults, i.e., broken
wires or shorted wires, or impedance imbalances. Second,

split pairs'produce cross talk that produce intermittent
faults depending on the- signals on"nearby lines, e.q.,
>intermittent ringing signals. The intermittency makes
such faults difficult to recognize.

~Conventional tests have not been very successfﬁl in

detecting split pairs. “Nevértheless, split pairs can -

degrade the quality of a subscriber line for high-speed
data services. o

FIG. 6A and 6B provide graphs 68, 69 of the phase of
the voltage‘difference_v1 - V2 between resistors R; and R;
while testing two exempléry subscriber 1lines 12-14 with
.the measurement setup 52 of FIG. 4. The graphs 68, 69
provide frequency sweeps of the phase difference, which
show signatures of faults that can interfere with high-
speed data services, e.g., ISDN or ADSL.

Referring to FIG. 6A, the graph 68 shows a signature
for a resistive imbalance fault on the tested subscriber
line 12-14. The signature for a resistive imbalance is a

BNSDOCID: <WO  0064130A2 | >

Page 487 of 605

a0

%
.



Ry
v

»r

WO 00/64130 ’ ’ - PCT/US00/10301

pronounced peak in the phase of the voltage difference V; -
V.. The peak appears in the phase difference between
impedances of the tip and ring wires. The peak has a
narrow width that is typically'hot more than a few hundred
5 to about 2 KHz. Typlcally, the phase has a height of
greater than about 5°. _ R _
‘Referring to- FIG. 6B, the graph €9 shows é_signaﬁure
for a split pair fault on the tested subscriber line 12~
14. The signature is a flat and substantially constant
10 phase for Vi - V;, i.e., a substantially constant non-zero
phase difference between the input impedances Zr, ZR‘bethe
wires T, R. Typica;ly, the phase has a value of betﬁeén’
about  .5° ‘and 1.5°. . The nonzero and flat phase extends
over a region of frequenc:.es hav:mg a width of at least
is 5,000 kilo Hz. The phase of 2 and 2s may remain flat,
nonzero, and peakless from about 100 Hz to about 20 ‘000 Hz
if a split pair is: present, i.e., over the frequency range
_measurable through the voice test access 44, shown in FIG.
1. A nonzero and substantially frequency. independént
20 phase difference between the inpdf impédances 27, 2r of the
tip and ring wires is a signature for a Spllt palr on the
subscriber line 12-14 being tested.

FIG. 7 is a flow chart  illustrating a;method”70 of
detecting a fault in the subscriber lines 12-14 with the
25 system 11 .of FIG. 1. The computer 46 selects the
" subscriber line 12-14 to test for faults (step .72). The
measurement unit 40 electrically connects to the selected
line 12-14 via the voice test access 44 of the TELCO
sw1tch 15 (step 74). The connection ,pioduces. the

30 measurement setup 52 illustrated in FIGs. 4 and 5.

The measurement unit 40 performs one-ended'électrical
measurements to determine a signal proportional - to the
phase difference of the input impedances Zr, Zr of the tip

- 13 -
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-and ring wires of the selected line 12-14 (step 76). The
quantlty actually measured is the phase of Vi - V;, which
is proportional to the phase of the difference of the
input impedances 2r, Zr. The device 41 measures the phase
by driving the tip and ring wires in the common mode

configuration shown in FIG. 4. The‘d:iving frequencies
are between about 100 Hz to 20,000 kilo Hz  and accessible
via the voice-tést;acpess 44. Such frequencies are very

16w compared to transmission frequencies of high-speed
data services such as ISDN and ADSL.

The ‘computer 46 analyzes the measurements of the
phase as a function of frequency to determine whether the
phase has a signature for a line fault (step 78). The

line - faults that produce signatures in the phase include
split pairs and resistance imbalances as described above -

in relation to FIGs. 6B and 6A, respectively. ‘Other
signatures are possible, e.g., for other types of faults.

If a signature for a line fault is found, the computer 46
identifies that a fault has been detected (step 80). ' The
identification may entail making a reporting act. The
reporting act may include making an entry in a file that
lists the faults on the subscriber lines 12-14, displaying

a warning on an operator s display screen 47 or on a

screen of a service technician (not show), or informing a

program that’ allocates subscriber 1lines 12-14. If no .

signatures for 1line faults are found, the combuter 46
identifies the absence of the line faults associated with
Signatures for the selected 1line 12-14, e.g;, by
performing a reporting act (step 82).

FIG. 8 is a flow chart illustrating a method 90 for a -

test that determines whether the subscriber lines 12-14 of
FIG. 1 qualify or disqualify for a high-speed data
service. To start a test, an operator or the computer 46
selects a subscriber line 12-14 (step 92). The operator

- 14 -
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or computer 46 also selects the type of data service for
‘which the selected subscriber line 12-14 is to be tested
_ (step 94). For example, the types of service may be ISDN
or ADSL. After selecting the line 12-14 and service type, °
5 the measurement unit 40 performs one-ended electricalv
.measurements to detect preselected types of faults in the
selected line 12-14 (step 96). The one-ended measurements
include tests according to the method 70 of FIG. 7 to
' detect split pairs. , o
10 The other types of line faults and conditions, which
are selectedefo: testing, depend on the types and speeds
of data services, the properties of the switch 15, and the
type of modem to be used. Frequently, tests check.for'
" high signal attenuations, resistive imbalances, and the
15 presence of load coils, metallic faults, or bridged taps,
because these conditions and faults can disqualify a 1line
for high-speed data service. But, line qualification
tests may also check for eapacitive imbalances, and above-
threshold noise levels, because these conditions cah'also'
20 . affect quelification results. Methods and apparatus for
detecting some of these conditions and faults are
described in co-pending patent applications.
' One such application is U.K. Patent Application No.
9914702.7, titled "Qualifying Telephone Lines for Data
25 Transmission", by Roger Faulkner, filed June 23, 1999,
which is .incorporated herein by reference, in its
entirety. Other such co-pending applications include the
above-mentioned ‘954 and '563 patent applications.
| If one of the preselected types of faults or line
30 conditions is detected, the computer 46 reports that the
selected subscriber line 12-14 is disqualified for the
selected data transmissions (step 98). Otherwise, the
computer 46 reports that the selected line 12-14 qualifies
for the selected data service (step 100).

- 15 -
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To report the tested line's 'status, the computer 46
makes an entry in a list stored in the storage device 49.
The list identifies the line, data sefvice, and
qualification or disqualification status. The computer 46
may also report the 1line's status by displaying a
disqualification or qualification signal on the display
screen 47 visible to an operator. _ '
FIG. 9 is a flow chart for a method 101 used by a
TELCO to provide a high-speed data service, e.q., ISDN>dr
ADSL, to telephone subscribers. The TELCO programs the

computer 46 of FIG. 1 to automatically select individual

subscriber lines 12-14 connected to the local switch 15

(step 102). 1In response to selecting the line_i2-14, the
voice test access 44 connects the selected line 12-14 to
+he measurement unit 40 for testing (step 104). The

measurement unit 40 connects the selected. line 12-14 to
the measurement device 41 and may also connect. the
selected line 12-14 to other internal measurement devices
(not shown). The computer 46 and measurement unit 40
determine whether the selected line 12-14 has a split pair
and qualifies for the data service according to the
methods 70, 90 of FIGs. 7 and 8 (step 106). Next, the
computer 46 updates a list recording the identities of
lines 12-14 that qualify and of lines 12-14 having split
pairs (step 108). The computer 46 waits a preselected
time and restarts the testing for another of the’line5‘12—
14 at step 102. '

The TELCO regularly checks the 1list to ~determine
whether any of the lines 12-14 have split pairs (step
110). If a line has a split pair, the TELCO performs a
business action based on the presence of the split pair
fault (step 112)." The business action may include sending
a worker to repair or replace the affected 1line 12-14,
designating the affected line 12-14 as unable to transmit
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data, or . setting a lower billing rate baSed on the
presence of the fault.
The TELCO also regularly checks the llst to determlne
whether any of the lines 12-14 quallfy for the high-speed
5 data service (step 114). In response to flndlng-that one
or more of the lines 12-14 gualify, the TELCO perfbrms a.
pbusiness action related to the line's qualification (step
1le) . For example, the TELCO may offer the hlgh speed
deta service to subscrlbers who have the lines 12-14
10 qualified for the data service and. who do not presently-
subscribe to the data service. ‘

SPECIFIC PHYSICAL STRUCTURE OF SUBSCRIBER LINES
Referring again to FIG. 1, the subscriber lines 12-14

15 may have widely different physical structures. A line's
specific physical structure is described by -properties
such as line length, gauge or gauges, . and ‘content  of
bridge taps. Interpretations of electrical measurements to
obtain 1line transmission properties such as the.'signal'

20 attenuation are dependent upon the specifie physical line
structure. Thus, knowing the specific physical structure
of a subscriber line aids in predicting how well the line
12-14 will support high speed digital data services, e.g.,
to predict maximum data speeds. '

25 FIGs. 10A-E illustrate parameters that describe ‘gauge
mix paramefers through exemplary 1lines 121-125 in which
drawing widths represent wire gauges. The lines 121, 122
have uniform‘ structures described by different wire
gauges. The lines 124, 125 have segmented structures in

30 which adjacent segments have different wire gauges, i.e.,
mixtures of gauges. The gauge composition of these lines
124, 125 is - described by segment lengths and segment
gauges. The structures are also described by the serial
layout of the segments. The line 123 has different tip
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and ring wires T4, Rs and is described by the gauges of the
T, and Rsq wires.

Referring now to FIG. 11, a subscriber line 127 has.

an extra twisted wire pair 128 spliced onto the line 127.
The spliced on wire pair 128 is referred to as a brldged
tap. . The existence or absence of bridged taps is a
parameter that also influences how well the subscriber
line 127 will support high-speed digital data services. .
In the United States, many subscriber lines have
bridged taps because of the way iﬁ which telephone lines
were laid out in housing subdivisions. Telephone llnes
were laid out prlor to determlnlng the exact pOS1tlon1ng
of the houses of the subdivisions. The llnes ran near
planned positions of several houses. When the houses were
later built, the builder connected the telephone units to
the nearest point on one of the originally 1laid- telephone

lines. Unconnected portions of the original lines produced -

‘bridged taps.

.The bridged tap 128 reflects signals from termination
129. The reflected signals then travel back to the
‘subscriber 1line 127 and interfere with signals on the
subscriber line 127. The most harmful intérferencé’occurs
when " the 'reflected signal is out of phase with the
incoming signal. In such a case, the reflected signal
destruétive;y interferes with the incoming signal on the
subscriber line 127. ‘ _

The lehgth .0f the bridged tap 128 determines the

phase difference between the original and reflected

signals. For high-speed digital signals whose frequencies
extend to about 1 mega Hertz (MHz), e.g., ADSL signals, a
substantial cancellation can occur if the bridged tap 128

has a length between about 200 to 700 feet. 1In the United"

States, the bridged taps left over from the construction
of many housing subdivisions have lengths in this range.
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Thus, the ability to detect and remove the bridged tap 128
is useful to TELCO's that want to offer high~speed digital
data services to their subscribers.
FIGs. 12A-12E illustrate structure parameters that
5 describe 'bridged taps 130', 134 through exemplary
. subscriber lines 135-139. The lines 135, 136 have bridged -
.taps 130, 131 described by different physical lengths.
The 1lines 137-138 have bridged taps 132, 133 described by_
different locations along the lines 137, 138. The 1line
10 139 has 'a bridged tap 134, which is at least partially
described by its 1location alorig a particular segment of
the llne '139. Finally, the lines 136, 139 have brldged
taps 131, 134 described by dlfferent gauges.
' To determine the specific physical structures of
15 unknown subscrlber lines, a reference set of model lines
may be employed . A reference set is an ‘ensemble of model
lines with different .and known specific phys:.cal
structures. 'To determine the specific physical structure
of 'an unknown subscriber line, measured properties of the
20 unkhown line are compared to the same properties in model
lines. If a match is found, the unknown line has the same
spec:.flc physical structure as the matching model line.
Reference data on the specific physical structures of
the model lines may be complled in either a reference data
25 file or a set of reference equatiens. -'Both the reference
' data file and the set of reference equations index the
individual model lines by values of a preselected set of
measurable electrical 'properties.' In some embodiments,
the 'preseieeted electrical properties are the frequency-
.jo dependent admittahces_ measurable with the device 43 of
FIG. 2C. ,
The content of model lines in the reference set may
be tailored to the expected structures of the unknown
subscriber lines. For example, if the unknown lines do
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not have bridged taps, the reference set might not have
model lines with bridged taps.. On the other hand, if the
unknown lines may have bridged taps, the reférence set
includes some model lines with bridged taps. Knowlédge'of
s the practices used to lay out the subscriber linés’unde:
test can help to determine the best content of model'lines.
for the reference set. For different subscriber 1line
populations, reference sets can be selected empirically or
based on human knowledge. ' ' '
10 Typically, the reference set includes/ quel lines -
having uniformly varying _valuesb of the 'parameters
described in relation to FIGs. 10A-10E and 12A-12E. The
model lines have a distribution of lengths and may include
one; two, or three segments with zero, ohe,-or two bridged
1s taps, and a distribution of subscriber termination loads.
’ The segmeﬁts and bridged taps can have varying lengths,
locations, and gauges. ) . ’
FIG. 13 is a flow chart for a method 140 of
~ determining the specific physical line structure of the
20 subscriber lines 12-14 of FIG. 1 from a reference set of’
model lines. To start, an bperator,or the compﬁier 46
selects a subscriber line (ssl) to test (step 142). The
computer 46 directs the measuring unit 40'jto perform
preselected one-ended electrical measurements on the
25 selected subscriber line over a range of frequencies (step =
144). ' ‘ . o
In one embodiment, the electrical measurements are
one-ended and performed with the device 43, shown in FIG.
2C. - During the measurements, the voltage source 54'drives'
30 the tip and/or ring wires of the selected subscriber 1line
12-14 with voltage sources Vi’, Vz’. The driving frequency
'is swept over a range, e.g., from about 100 Hertz to about
20,000 to 40,000 Hertz, and one or more of the admittances
Yeg, Ytr, Yrg are measured for various driving frequencies.

- 20 -
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The measurements provide complex input admittances, i.e.,
amplitudes and phases for a preselected set of frequenciés
"Er.

After performing the measurements, the computer 46

[ searches for a "best" match between model lines belonging
to the reference set and the selected subscriber 1line
(step 146). The search for matches involves comparing
preselected electrical propertles of the selected
subscfiber line to the same properties for the model

10 lines. For the selected subscriber line, the values of
the preselected electrical propertiés are obtained from
the one-ended electrical meaéuremerits._ For the model
,lineé, the values of the same electrical properties are
either looked up from a file in the data storage device 49 °

15 or calculated from a set of reference equations.  The
comparison determines which model line "best" matches the
selected subscriber line. ’

The computer 46 identifies a spec:LfJ.c phys:Lcal line
structure for the selected subscriber line 12-14 has the

20 same form as the specific physical 1line .structure of the
"best"” matching model line (step. 148). . i_dentifyi_ng the
specific physical line structure may include reporting the
structure, e.g., displaying values of parameters for the
specific physical structure to a operator, writing the

25 values to a file, or providing the values to a software
application; For example, ~the software application may.
use the match information to qualify or disqualify the
selected line 12-14. The parameters may provide gauge
mixtures and tap locations and positions.

30 . For the model lines, the specific physical structures
are either stored in the same file listing the electrical
properties of the. model 1lines or determined from the
reference equations. Actual values of the electrical
properties and structure parameters of the model lines are
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obtained prior to testing the subscriber 1line by analytic
calculations or experimentation. - ‘

In a preferred embodiment, the computer 46 finds the .
"best" matching model 1line by calculating an

error

5 function for each model line (ml). The error function has
one of two forms E or E' given by: R .

E = X W) IMu(f) - Ma(f)| and E' = 3¢ W(E) IMm(f) -

Ma1 (£) 129, A ,

Mm (£) and Mga (£) are the wvalues of . the preselectéd
10 frequency-dependent electrical properties ' of the model

line (ml) and the selected subscriber line {ssl), -

respectively. Q and W(f) define the form of the error

fundtions; i.e., E or E'. Q is a fixed integer;7e.g., 1

or 2. W(f) is positive definite weight function, e.g., a
1s function of frequency "f" or a constant. . : '

In some embodiments, the preselected electricai
properties Mm (f), Mssai(f) are the phases'of one or more
complex admittances of the lines ssl, ml. Various -
embodiments employ either the phase of the tip-to-ground

20. admittance Y.y, the phase of the ring-to-ground admittance’
Yrg, and/or the phase of the tip—to—ring admittance Y¢,. If
the tip-to-ground or ring-to-ground admittances Y.q, Yrq are
used, many termination effects due to the subscribér units
16-18 of FIG. 1 are not seen. The phase of these

25 admittances. is often small, e.g., 4° ‘or 1less, and
approximately equals the ratio of the imaginary'to real
parts of the admittance. For such a case and Q = 1, the
error function E' is: A
' E' = 3¢[ Im(admittance)m/Re (admittance)m -

30 Im(admittance)ssi/Re (admittance)ss: ]°.

In another embodiment, the preselected electrical
properties Mm (f), Mss1(f) are the full complex. admittances
of the lines ssl, ml, i.e., Yeq, Yrg, and/or Yer. Using the
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.

complex admittances themselves can reduce computational
times. ' o ‘
Finally, in some embodiments, the best match to. the
selected subscriber 1line 12-14 may include a . several
5 different model ‘lines, e.g., model lines ,‘generating ‘errors
with a below threshold value. In these embodiménts,' the
computer 46 identifies the selected subscriber line 12-14 -
as having one or more common features of all of thé-"fbest
matching” 1lines. - For example, the computer 1,46'.mayv
10 identify the specific physical structure of the .s'electedb
' subscriber line 12-14 as having a bridged tap if all of
the best matching model lines have a bridged tap. .Theh,
the computer 46 may use the presencé of a bri'dged.btap in
combination. with other measurements to qualify or
15 disqualify the line 12-14. _ : _ _
| FIG. 14 illustrates a ‘method 150 of déterminingf
"best" matches by using the above-described phases. The
computer 46 detennineé_ the length of the ‘selected
subscriber line using low frequency measurements for line
20 capacitance performed by the measurement unit 40 and
device 43 (step 152). Next, the computer 46 selects a
model line  having the same length as the selected-
subscriber line (step 154). o .
The computer 46 restricts comparisons to model *'lines
25 with the same length as the subscriber 1line, 'bécause
physical line length affects the values of the phases of
admittances. Limiting comparisons to this subset of the
reference set eliminates false matches with model lines
whose lengths differ from the length of the bselected
30 subscriber line. '

The computer 46 calculates the error function E',
based on the phase of preselected admittance‘s,, for the
selected model line {(step 155). The computer 46 checks
whether other model lines remain with the same length

- 23 - ' ' i
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(step 156). If other 1lines remain, the computer 46

repeats the determination of E' for another selected model

line (157). If no lines remain, the computer 46 reports
the model line having the smallest wvalue for the error
function E' as the "best” match to the selected subscriber
line (step 158).

Since the reference set may contain as many as 10,000
to 100,000 model 1lines, the method 150 may search the
reference set hierarchically to:redﬁce the total number of
searches. In a hierarchical scheme, a firét search

divides the reference set into non-overlapping groups of -
model lines. Each group has a large number of lines with

similar specific physical structures and defines one model
line as a representative of the group. The first search
uses the method 150 to determine a "best" match between
the sélected subscriber line and one of the representative
model lines. A second search uses the method 150 on the
model lines of the group associated with the best matching
representative model line found from the first search. _

FIG. 15 is a flow chart illustrating a method 160 of
qualifying subscriber lines, e.g., lines 12-14 of FIG. 1,
for a high-speed data service, e.g., ISDN or ADSL. . After
selecting a subscriber 1line to test, the computer 46
searches a reference set of model lines for a "best" match
to the selepted subscriber line by using the methods 140,

150 of FIGs. 13 and 14 (step 162). The computer 46 -

identifies the selected subscriber 1line as  having a
‘bridged tap or mixture of gauges in response to the "best"
match model 1line having a bridged tap or mixture of
gauges, respectively (step 163). The computer 46
qualifies or disqualifies the selected subscriber line for
the data service, at least in part, based upon whether the
subscriber line has a bridged ‘éap or mixture of gauges
(step 164). '
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In some embodiments, the computer 46 uses the signal -
attenuation to qualify or disqualify the selected
subscriber line according to a method described in co-

pending U.S. Application No. 08/294,563 ('563). In those
s émbodiments, ‘the computer 46 calculates the signal
attenuation by the methods described in the '563

application. Then, the computer 46 adjusts the calculated

value of the signal attenuation up or down depending on a

quality factor. ° The quality factor depends on the

10 Specific. physical structure of the 1line, e.g., upon

: whether a bridged tap and/or a mixture of gauges is absent
or present in the subscriber llne. B

According to the value of the quallty factor,' the

'computer 46 adjusts a calculated signal ‘attenuation up or-
is down by preselectéd amounts. For example, the attenuation -
may be decreased, unchanged, and increased in respohse to
the quality factor being . good, average, and poer
respectively. Then, the éomputér uses the adjusted signal
attenuation to determine to qualify or disqualify. the
26‘ subscriber line for the data service according to methods
described in the ‘563 application. »

In other embodiments, the computerl 46 uses some
specific physical line structures as disqualifiers. For
example, if the. above-described methods lead to the

25 detection of a bridged tap, the computer 46 may disqualify
the line for the data service. ' ;

FIG. 16 is a flow chart illustrating a business
bmethod 165, which a _TELCO uses to provide a high-sp ed:

‘ data service to subscribers. The TELCO determines which

30 subscriber lines,112—14 of FIG. 1 are qualified and/or

' disqualified for the data service according to the method
160 of FIG. 15 (step 166).

Using the method 160, the computer 46 determines
whether 1line structures, e.g., bridged taps and/or

- 25 -
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selected mixtures of gauges, are present. The specific

- physical structure is then used to adjust predictions of

electrical properties of the subscriber 1line, e.g., a
signal attenuation. If the adjusted values of the
electrical properties are outside of thresholds for ‘the
data service the line is disqualified. - '
Among subscribers with qualified lines 12-14, the

TELCO determines which subscribers having gqualified 1lines

do not subscribe to the data service (step 167). The
TELCO offers the data service to subscribers héving
qualified 1lines and not presently subscribing to the
service (step 168) . ' '

" In response to finding subsciibers with disqualified
lines 12-14, the TELCO repairs or replaces those lines 12-
14 (step 169).

STACKED BRIDGED TAP DETECTiON

Referring again to FIG. 1, tests for btidged taps
preferably use one-ended electrical measurements that are
performed on subscriber lines 12-14 via the “standard”
voice test access 44. The voice test access 44 acts as a
low pass filter, which screens out frequencies above 20 to
100 KHz. Thus, electrical measurements are generally
restricted to low frequencies between about 20 Hz and 100
KHz. ) .

Bridged taps manifest their presence by peaks in the
signal attenuation at high frequencies, e.g., -between
about 200- KHz and 1,000 KHz. Predicting features of the
high- frequency signal' attenuation from the  low-energy
measurements, which are available through the voice test
access 44, 1is difficult and error prone.. Present methods
falsely predict the presence or absence of bridged ﬁaps in
about 40% of the cases. False predictions are costly to

subscribers and TELCO’s, because they can . result in lost .

- 26 -
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opportunities for high-speed data services and can also
result in investments in transmission equipmen'td that lines
-do not support: _
- The accuracy of tests for line conditions and faults,.
5 e.g., bridged = taps, can be  improved wivth,-_ stécked
. generalization methods that use multiple layers of.
" dlassifiers. The <classifiers determine values .of
auxiliary variables, which are the labels they assign - to .
classify subscriber lines 12-14. Auxiliary: véria_biés are-:
10 'generated és outputS' of. cléssifiers. The 'a'uxiliary'
variable_s are thus, related to .electrical measurements oh
.the,‘li_nes 12-14 indirectly through -probabilistic relations
embodied in the classifiers. The classifiers of the stack -
may be 'decision trees, neural networks, -case-based
15 reasoners, or statistically based classifiers. '_The olad
‘electrical properties and new éuxiliary variables can be
combined in classifiers that ‘provide . 'strong correvla'tions
between: values of these quantities' and the presence or
absence of 1line faults and conditions, such as bridg d .
20 taps and gauge mixtures. o o ' _
FIG. 17 is a flow chart illustrating a method 170 for
using stacked <classifiers . to - detect - selected line -
conditions or faults from electrical measureménts made
with the system 11 of FIG. 1. The system 11 preferably
25 performs one-ended electrical measurements on a. selected
subscribér line 12-14 using either setup 52 or sevtup "60,
shown in FIGs. 2A-2C, 3 (step 172). - To these
measureme'nts, the computer 46‘applies a set of riz_les that
-define a preselected set of derived electrit‘:alvpro_p'ertievs
30 for the selected 1line 12-14 (step 173). Algebraic
relations relate thé derived properties to the
‘measurements. The measured and derived electrical
properties are listed in Appendix A.
The measured and derived properties together 'fqrm the
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input properties for the stack of classifiers. These
input properties may include a preliminary value of the
signal attenuation, the line length, line impedances, and
ratios of 1line impedances. The selection of the input
line properties for the stack can be 'changed to
accommodate different expected compositions of‘ .the
subacriber lines 12-14 being tested.

In each layer U, V of classifiers, shown in FIG. 17,
the computer 46 determines values of one or more auxiliafy
variables for the selected 1line 12-14. The auxiliary
variables may be logic-type variables indicating that the
line 12-14 is labeled by a characteristic. The auxiliary .
variables ﬁay also  be probability-type variables. éach
indicating the likelihood that the line 12-14 is 1labeled
by one of a plurality of characteristics.

. In the first layer U of the stack, the computer 46
applies a first classifier to  input electrical

1measuremehts and properties to determine a first auxiliary

variable (step 175). " The first aﬁxiliary variable
characterizes the line 12-14 with a label "nominal" or a
label "non-nominal™. , , .

In a nominal line, low frequency properties provide a
good prediction of the signal attenuation at the high
frequencies where - bridged - taps strongly afféct
attenuation. Thus, knowing a value of an auxiliary
variable that labels a line as nominal or non-nominal can
improve the accuracy of predictions about the presence of .
line faults like bridged taps. _

Also in the first layer U, the computer 46 applies
one or more second classifiers to the input electrical
properties to determine one or more other auxiliary
variables (step 176). These auxiliary variables provide a
preliminary prediction of whether the selected line 12-14
is qualified or disqualified for one or more high-speed
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data services. 'In some embodiments, values of the
auxiliary variables, found at ‘step 176,'indicate'whether
the subscriber line 12-14 is qualified for ISDN or ADSL
data services or neither. N .

5 Disqualification for high-speed data’ sérvice
correlates with presence of a bridged tap, because a
bridged tap lowers a line's capability to carry high-
frequency ‘signals. Thus, knowing a value Of‘an_auxiliary,
variable that preliminarily labels a lihe'asfqualified oxr

10 disqualified for data transmissions can improve the
accuracy of predictions about the presence or absence of
bridged taps. ' , o A

Steps 175 and 176 may be performed in parall§l~or,

sequentially. If these steps 175 and 176 are sequential,

15 the value of the auxiliary variable output by the earlier
step may be used in the later step.. If step 175 is
earlier, the classifier of step 176 may use the auxiliary
variable labeling the line 12-14 as nominal or non-
nominal, as an input. If step 176 is earlier, the

20 classifier of step 175 may use the auxiliary variables
providing a preliminary qualifiéation or disqualification
for data transmissions as inputs. ' '

At the second layer V of the stack, the éomputer 46
applies a classifier to the auxiliary variables from steps

25 175 and 176 and the electrical measureménts and properties

from steps 172 ~and 173. This classifier determines
whether the selected subscriber 1line 12-14  has a -
preselected type of line fault or condition {(step 177).
For example, the fault or condition may be existeﬁce-of a

30 bridged tap or a gauge mixture. v ‘

The layered stack U, V can predict the presence or .
absence of bridged taps with a substantially increased
accuracy. The two-layered stack of FIG. 17 can predict
the presence of bridged taps with an accuracy of between

- 29 -
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about 75% and 85% and the absence of bridged taps with an
accuracy of greater than about 97%.
In steps 175, 176, and 177, classifiers analyze input
data to determine the values of output data. Henceforth,
5 the input data, which includes one~ended measurements,
properties derived from one-ended measurements, and/or
auxiliary variables, are referred to as line features.
The output data, which are values of auxiliary variables,
are referred to as classifying labels.

10 Their line features and labels can describe the
classifiers of steps 175, 176, and 177. The classifier in
step 175 uses the selected measured and derived electrical
properties of the selected line 12-14 as features to form
classes with 1labels "“nominal”. and “non-nominal”. The

15 claséifier of step 176 uses the same features to form
classes with labels “ISDN qualified’, “ADSL gualified”, or
“data service disqualified” in one embodiment. The
classifier of step 177 uses the same features and values
of the characterizing labels from steps 175, 176 to form

20 classes with labels "bridged tap present"™ and “bridgéd tap -
absent”. _ .

"The label "nominal" describes a type of signal
attenuation over a range that includes both 1low
measurement frequencies and. high data service frequencies.

25 For a nominal 1line, the difference between actual and
predicted signal attenuations AA(f) and PA(f) has.a simple
dependence on frequency b The -actual signal
attenuation AA is the attenuation of the line determined
from direct double-ended electrical measuremernts. The

30 predicted signal attenuation PA is the attenuation
obtained from one-ended electrical @ measurements, e.qg.,
using the system 11 of FIG. 1.

The - predicted signal attenuation PA(f) may be
obtained from a subscriber 1line’s capacitance, ‘e.g., the

- 30 -
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capacitance C%%30n, between tip wire and ground measured at

-30 Hz. One form for the predicted signal attenuation .
PA(f) is:

PA(f) = K(£)C*30n2. _ _

5 In this formula, K(f) = -.1729, -.2074, -.2395, -.2627,

' and -.2881 dB/nano-Farads for respeéti_ve frequencies £

equal to 100, 200, 300, 400, and 500 KHz.
Another form for the predicted attenuation PA(f) is
described in co—pending U.K. Patent Application 9914702.7;
10 For a nominal line, the difference, DFF(f), between
‘ the actual and the predicted signal attenuations AA(f),
PA(f) has one of the following forms:
1) DFF(f) < 3.5 dB for 100 KHz < f < 500 KHz;
_ 2) 3.5 dB < DFF(f) < 10.0 dB for 100 KHz < £ < 500 KHz;
15 or '
3) DEF(f) > 10.0 dB for 100 KHz < £ < 500 KHz.
If the frequency dependent difference DFF(f), i.e.,
|AA(f)-PA(£f) l} does not have form 1, 2, or 3, the line 12-
14 is classified as a non-nominal line. Thus, -a direct
20 determination of whether a particular 1line 12-14 is
. nominal requires both one-ended and two-ended measurements
to obtain both PA(f) and AA(f). . _
FIG. 18A shows predicted and actual attenuatlons of
exemplary nominal 1lines A, B, and C. For the line A,
25 predicted and actual attenuations PAs and. ARa differ by
less than 3.5 dB for the entire frequency range betwe’en_'
100 and 500 KHz. The line A has a DFF(f) of form 1. For
the line B, predicted ‘and actual attenuations PAz, ARAp
differ by between 4 and 9 dB over the 100 KHz to 500 KHz
30 frequency range. The line B has a DFF(f) of form 2. For
the line C, predicted and actual attenuétions PAc, AAc
differ by between more than 10.0 dB over the 100 KHz to
500 KHz frequency range'. The line C has a DFF(f) of form
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FIG. 18B shows predicted and actual attenuations of
exemplary' non-nominal lines D and E. For the 1line D,
predicted and actual signal attenuations PAp, AAp differ by

5 about 8 dB at 200 and 400 KHz and are equal. at 150'and 300
KHz. This form for PAp and AAp does not correspond to a
DFF(f) of form 1, 2, or 3. For the line E, predicted and
actual signal attenuations PAg, AAg differ by iess than 3.5 .
dB at frequencies between 100 and 200 KHz and by more than

10 8 dB at frequencies between 400 and 500 KHz. This form
for PAs and AAg also does not correspond to a DE‘F(f) of
form 1, 2, or 3.

In the non-nominal lines D and E wide fluctuations
occur in DFF(f). These fluctuations make a constant shift

15 of the predicted attenuation PA(f) a poor approximation to
the actual attenuation AA(f) over the whole range that
includes both high and low frequencies. i

FIG. 18C shows ' predicted and actual signal
atteﬁuations PAr, AAr for another nominal subscriber line

20 F. A shifted predicted attenuation SPAf, .which has been
obtained by shifting the predicted attenuation PAr by a
constant, is alsq shown. For the nominal 1line F, the
shifted predicted attenuation SPAr provides a better

\' approximation to the actual attenuation AAr that the

25 predlcted attenuatlon PAr over the entire range between 100
KHz and 500 KHz.

The actual and predicted signal attenuations AA(f),
PA(f) of nominal 1lines are approximately related by a .
constant shift over a wide frequency range. The wide

30 frequency range includes both low measurement frequencies
and hJ.gh frequencies where effects of brldged taps are‘
directly observable. _

In step 176 of FIG. 17, the labels ISDN qualified,
ADSL qualified, and data service disqualified are defined

- 32 -
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by the value of the actual signal attenuation at 100 KHz
and 300 KHz. High-speed data qualified and disqualified
lines satisfy: '

Class Label 100 KHz 300 KHz

ADSL qualified attenuation > -47dB attenuation > -40
ISDN qualified attenuation > -47dB attenuation < -40
Disqualified attenuétion < —47dB attenuation < -40

Thus, qualification or disqualification of a line 12-14
for ADSL and ISDN are defined by the value of the actual
signal attenuation at two high frequehcies, i.e., 100 KHz
and 300 KHz. o

FIG. 19 illustrates a decision tree 180 that
determines ‘a <classifying 1label, e.g., an auxiliary
variable, generated in steps 175-177 of FIG. 17. A

separate classifier, e.g., a decision tree, is used to

'determine each such label.

The decision tree 180 has a hierarchical.arrangement
of branching tests 1, 1.1-1.2; 1.1.1-2.2.2,..., .which are
grouped into descending levels 1, 2, 3.... Each test
aésigns feature data received from a higher 1level to
disjoint subsets in the next lower level. The subsets of
the lower level are located at ends of arrows starting at
the test. For example, test 1.1 assigns feature data to
subsets 1.1 and 1.2, which are located at the ends of
arrows 6 and 7, see FIG. 20. At the lower level, another
set of tests can act on the feature data.

FIG. 20 illustrates how the tests 1, 1.1, 1.2,... of
the various levels of the decision tree 180 of FIG. 19 act
on a set of feature data associated with the subscriber

lines 12-14. Each successive test partitions the set,
i.e., by using values of the selected features, into"
_increasingly disjoint output subsets. For example, test 1
- 33 -
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partitions the initial feature data into. subset 1 and
subset 2. The distal end of each path through the
decision tree 180 assigns a subscriber 1line to a final
subset in which the lines are primarily associated with

5 one value of the classifying label of the tree 180. Some
decision trees 180 determine a probability that the .
subscriber line 12-14 has the value of the 1label of the
final subset to which it is assigned. ) .

FIG. 21 is a flow chart for a method 190 of creéting

10 decision trees for use as the classifiers in steps 175,
176, and 177 of FIG. 17. The method 190 uses machine
learning methods. _

To employ machine 1learning, a training set of

subscriber line data is created (step 192). The content

is the training set includes model lihes with different

values of the labels used by the decision tree to classify

lines. If the decision tree classifies lines with bthe

.label “bridged tap present” and “bridged tap absent”, then
some, of the lines of the training sets will have bridged

20 taps and some of the lines will not have bridged taps.
Similarly, in a stack of trees that classifies lines with .
a particular label, each tree therein is constructed from
a training set having 1lines with different values of the
particular label. _

25 For ea;h line of the training set, a ccmpute:'and/or
operator determines the values of a set of potential
features and the classifying labels (194).

The potential features include one-ended measured and
derived electrical properties that may be used in the

30 tests of the decision tree. The potential electrical
properties of one embodiment are listed in Appendix A.
The potential features also include values of any
auxiliary variables that may be used in the tests of the
decision tree. For example, a decision tree used in step
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177 of FIG. 17 would also include, as potential features,
auxiliary variables determining whether a line is nominal
and preliminarily qualified for preselected'data services.

5 : The classifying labels are the values of the
auxiliary variables output by the decision tree. fThe
values of these  output auxiliary variables may, fer'

example, include a determination of whethef a line is
nominal, qualified, or has a bridged tap. ‘
.10 Determinations of wvalues of the classxfylng 1abels

for the 1lines of the training set may use both one-endedf
and two-ended electrical measurements. For-example,.to

classify a line of the traiﬁing set as nomihal-orAnon—

nominal a two-ended measurement of the actual attenuation
15  and a one-ended measurement of the predicted ettenuation

are needed. Similarly, to determine the classifying label

assoc1ated with qualification for data serv1ces,'twoeended'

measurements of the actual attenuation are used. The two-

ended measurements are not, however, used as inputs in the
20 construction of decision trees. ' o ,

From the valﬁes of the potentialv features and
classifying labels of each line in the training éet, the
computer 46 recursively determines the branchingjtests of
the decision tree (step 196). _ ' o

25 L‘ FIG. 22 is a flow chart for a method 200 of
. determining the branching tests of the decision tree 180

shown in FIGs. 19-20. For each potential feature, the

computer 46 constructs a test and partitions the training

set into groups of disjoint subsets (step 202).‘ The test

30 associated with a feature assigns each 1line of the

training set to subsets according to a value of that

feature for the 1ihe; o
The computer 46 evaluates gain ratio criteria for the
. partitioning of the training set produced by each
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potential feature (step 204). The gain ratio criteria
measures increases in consistency of line membership for
different values of the classification 1label in each
subset. The computer 46 uses the gain ratio criteria to
find a best test and defines test 1 of the decision  tree
180 to be the best test (step 206). _

The computer loops back to perform steps 202, 204,
and 206 for each subset produced by test 1 to determine
the tests of level 2 of the decision tree 180 (loop 208).

In these deferminations, the subsets produced by the best
test of level 1 become training sets for finding the tests
of level 2. After performing steps 202, 204, and 206 for
the subsets'l'énd 2, the computer 46 has determined the
tests 1.1 and 1.2 of the level 2 (loop 208). The computer
46 performs loop 208 either until further branches produce -
line classification errors below a preselected threshold
or until no features remain. :

Several methods exist for defining the best branching
tests at each level of the decision tree 180 of FIG. 19.
The C4.5 method defines best tests as tests producing the
highest values of the gain ratio criteria. The  C4.5‘
method randomly picks the best tests from the tests whose
values of the gain ratio criteria are within a preselected
selection petcentage of the highest wvalue. v

The C@.s' algorithm predicts probabilities that a
line with features "d" will be partitioned into each final -
subset of the decision tree. The probability that the
line will be in the majority final subset L is:

Pu(d) =1 = (Z(jnot in 1)N§ + 1)/ (Z¢4 in Ny + 2).
Here, Ni is the number of 1lines in subset "i".  The
probability that the line will be in a subset "i" is:
Pi(d) = [1 - Po(d)](Ni/ZT(5 sn 1yN3) .
In embodiments using the C4.5* algorithm, the above-

- 36 -
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described probabilities  are the auxiliéry variables used
as features in the steps 175-177 of FIG. 17. "
Various embodiments combine the methods of deteéting
line faults (70, 90), determining lines structures (140, -
s 160), and stacking fault detection fi?O),vshown in FIGs.
-7, 8, 13, 15, 17. By combining the above—mentioned
methods, these embodiments can better classify subscribér:
lines éccording to a variety of criteria. These criteria
iﬁclude presence‘ of line conditions and faults, line
10 speed, and qualifiéation status. v ‘
. Other .ehbodiments are within the "scope of the-
following claims. ' ' '
What is claimed is:

- 37 -
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J0Hz Raw Measursmants:
Yzzr(30) - Admiciance <
veg(30) - Admiczance c:
¥rg(3Q) - Admictance <

::-q.o ring measured at 310Kz
s~co-ground measured ac 10Hz
o -:o-qround. dmeasured at 10Hz

3083 Darived Measursmants: L
j0Grr - Conductance tip-Co~Iing measured at JO0HZ = real(Ytr(3d))
30Str - Susceptance tip-co-ring measured at 30Hz = imag(Yt=(30)) .
10Gtg - Conductance tip-to-ground measured at 30Bz = real (Y:g(30°)
30Stg - Susceptance tip-to-ground xeasured at 30Hz = imag(¥Yt(30):

- 30cer - Capacitance tig-to-ring measured at 10Hz = Str(30)/(2°p1-30)
j0Ctg - Capacitance tip-to-ground measured at 3J0Hz = St(301/(2°p=*30)
‘Lmeas - Langth in kf: measured at 3CHz = 30Ctg/17.47

1508z~ 20XEz: Raw Messursmancs: . ‘ ' .

ver(f) - Admitsance cip-cd-rig whaere :':’.501-1:.500!-!:.LCSOH:.--OOH' .L99S0K:z

veg(f) - Admitcance cip-zo-grournd wnere ='.soaz.saouz.zosoaz.-zao:zz. ...19950Hz

Yeg(f) - Admittance rizg-cto-ground where f=150Hz.S600Hz,10S0Hz,.330Kz... .199%0Hz

1S0Hz-20KEz Derived Msasursmaancs: :
1506ty - Conductance tip-to-ring z-uuzed at 1S0Hz = realiYt=(1S2))
600Gtr - Conductance C1p-COo-ring measured at 600Hz = real(Yt=(603))

19950Ctr - Conduczance t:p-to-ring Ieasured at 19950Hz = real(Y=c(199%0))

1508tr - Susceptance tip-to-ring measuTed at lS0Hz = imag(Y=xr:150))

600Str - Susceptance t:p-to-ring measured at 600Hz = imag(¥zs-(600))

19950Str - Suscepcance tip-to-ring Teasurcd at 12950Hz = imq(?:::usisnn'

150Gty ~ Conductance tiz-tao-ground measured at 1SOHz = real (Y=g (15Q))
600Gty - Conductance tip-to~ grounrd measured at 600Hz = reai(Y=zg(§G01)

19950Gtg - Conduczance tip-to- ground measured at 19950Hz = real(¥tg(19950))

1508tg ~ Susceptance tip-to~ ground mesasured at 1l50Hz - Mq(y:;ilsql,
600Stg - Susceptance :tip-~to- ground measured at 600Hz = imag(Ytg(600))

19950Stg - Susceptance cip-to- ground measured at iSSSOHz = imag(Ytg(19950))
150Cctr - Capacitance tip-te-ring measured at 150Hz = 150Str/ (2 pi~1%£9)
600C:r - Capacitance tip-to-ring measured at 600Hz = 600Stzr/(2°p:*600)

19950Ct= - Capacizance tip-to-ring measured at 12950Hz = 19950Str/!2°pi®19950)
150Ctg - Capacitance tip-to-ground messured at LSOHz = 1S0Stg/(2"p1°150)
§00Ctg - Capacitance cip-to-ground measured At 600Hz = 600Stg/ (2°p1°600)

1 19950Ctg - Capacitance zip-co-ground measured at 129S0Hz = 199%50Stg/ (2+p1+19950)
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1S0Ez-20KHEz Seccndary Derived Measursmesncs:
C30/C4K - Ratic of tip-co-ground Capacizance at JOHz to 4200Hz -
C4K/CLO0K - Ratio of tip-to-ground Capacitance at 4200Hz c©a 10050:(:
cslope - Tip-co-ground Capacitance ratio slope = (C4K/ClOK)/(C30/C4K)
C30-C4K - Difference in tip-to-ground Capacitance at 30Hz and 4200Hz
C4K-Cl0K ~ Difference i tip-to-ground Capacitance act 4200Hz and 120SOHz
' Cdelta - Tip-to-ground Capacitance difference delta = (C4K-CLOK)/(CIJ-CUX)

G4K/G30 - Ractie of tip-to-ground Conductance ac 4200Hz co 30Hz

G1l0K/G4K - Ratio of tip-cto-ground Conductance at 10050Hx to 4200:z

Gslope - Tip-to-ground Conductance ratic slope = (GlO0K/G4K3 / (G4KR/G30}
G4K~-Gl0 - Diffexence in tip-to-ground Conduccance at 30Hz and 4230H2
Gl0K-G4K - Difference il tip-to-ground Ccnductance at 4200Hz and 100SOHz2
Gdalta - rip-co-q:aund Conductance diffarence dalta = fcnox-cmnmlx-c:m

czwc:o - Ratio of ‘l‘-p-:o-azound Capacitance to Conductance at 3JJHz
C30/G4K - Ratio of Tip-co-ground Capacitance ac 10Hz to Conductaace at 42Q0Hz
CQKIGAK - Rataion of '!‘ -co-qruunn. Capacitance to Ceonduccance at 420QHz

Gtr_dmax - Maxisum positive slepe of Gertf) = max(de:;vn:;volctz::)/dzn
Ger_f=ax - Fresquency at wnich s_d=ax occurs

Getr_dmin - Maximum negative s].op. of Gtr(f) = mm(de:;vn:zvutccrr:)/agn
Gtr_fmin - Frequency at which Gtx_cdmin occurs

Ggetr_fpk - Fresquency of firsc peak (local maxima)in Ger{f).

Gtr_fval - Frequency of firsc valley(local minima)in Gtr(f)

Gtr_d_delta - Gtr Max/Min Derivative difference = Gtr_dmax-Gtr_c=is
Gtr_pk.delta - Gtr peak/valley frequency difference = Gtr_fval-G:ix_Spk
Gtr_»k ~ Value of Gtr(f) at fzequency Gtr_fpk .

Ger_val - Value of Girtf) ac frequency Gtr_fval

Gex_delta - GULr peak/valley difference = Gty pk-Gtr_val

Gtg_dmax - Maximum positive slope of Gtg(f) = max(derivative(GEg(E]/df)})
Gtg_‘fmax - Frequency at which Gtg_dmax ccours

Gtg_dmin - Maximum negacive slope of Gegi(f) = mn(da:;va:;vatctq(‘l/dz“
Gtg_imin - fFrequency at whick Gig_cmin occurs

Gtg_d_delea - Gtg Max/Min Derivacave difference = Gtg_dmax-Gtg_camin

ctr_dmax -~ Maximum peosicive slope of Cir(f) = maxtderivacavei(CeT:!£)/d£))
cer_fmax - Fregquency at which Ctr_dmax oceurs

Crr_dmin - Maximum negative slope of Ctr{f) = min(derivative(Cer(f£)/af})
ctr_£fmin - Frequancy at which Ctr_dmin occurs

cer_ fpk - Freguency of first peak (local maxima)in Ctri(f)

cer_fval - Frequency of first valley(local minima)in Ctxr(f)

ctr_d_delta - Ctr Max/Min Derivative difference = Ctr_dmax-Ctr_:imin
ctr_pk_delta - Ctr peak/valley frequ y differ = ctxr_fval-ler_fpk
ctr_val - Value of Ctr(f) ac f:equcncy Cer_fval

czg_dmx - Maximum positive siope of Ctg(f) = max(derivacive(Cig(f)/df))
ctg_fmax - Frequency at which Ctg_dmax occurs

Ctg_dmin - Maximum negative slope of C:g(f) = min(derivative(Ctg(f)/df))
ctg_fmin - Frequency ac which Ctg_dmin occurs

ctg. d_delta - C:g Max/Min Derivative difference = Ctg dmax-Ctg_dmin

Str_dmax - Maximum positive slope: cE Str(l) = max(derivacive(Str(f)/df})
Str_imax - Frequency at which Str_dmax occurs .
Str_dmin - Maxisum negative slope of Str(f) = min(derivacive(Stc(f)/df))
Str_fmin - Trequency ac which Str_Z=in occurs
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1508z-20X8x Secondary Derived Mesasursmsnts:

str_2Zpk - Frequency of firsc peak (local maxima)in Stx(f)

Ser_fval - Frequancy of fizsc valley(local minima)in Str(f)
Scr_c_delta - Str Max/Min Derivacive difference = Str_dmax-Stz_dzin -
Str_pk_delta - Str peak/valley frequency difference = sr.r_-va.l-str_.;k
Str_pk - Valua of Strtf) ac ZIrequency Str_fpk

sStr_val - Valuas of sStr(f) ac frequency Stz_£val

Str_<Zelta - Str peak/valley difference = Stz _pk-Str_val

Stg_dmax - Maximum positive slope of Stgtif) = max(derivative(Stgtf)sdf))
Stg_f=ax - Frequency at which Stg_cdmax occurs ’
Stg_dmin - Maximum negative slope of Stg(f) = min(derivative(Stg:f}sag))
stg_fnin - FreqQuency at whick Stg_d=in occurs

stg_fpk - Frequency of £irst peak (local maxima)in Stg(f)

_Stg_fval - Frequency of fizsc va.l..Ley(loc;l minima)in Stg(f)

Stg_d_delta -~ Stg Max/Min Derivative difference = Stg _dmax-Stg_drin
Stg_pk_delca - Stg peak/valley fraquency difference = Stg_tval-Sug_3ipk

Gtg20k/Gtg8k .- Ratio of Gtg at 19950Hz and 8250Hz
Gtg20k/Gtgek - Ratio of Gtg at 19950Hz and 4200H2z
Cgt30/Cg=20k - Ratic of Ctg at JOHz and 199S50Hz
Cgri0/Cgr8k - Ratio of Ctg ac JOHz and 8250QHz

40
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What is claimed is:

1. A method of determining a physical Structure of
a subscriber line, comprising:

5 . searching a reference set for a match between the _ 
. subscriber line and a model line of the reference set,
the match being based on electrlcal propertles of the.

lines; and
vldentlfylng that the subscriber llne has a spec1f1c
10 phy51cal structure in response to finding a match w1th
one of the model lines that has the specific: phy51cal

structure..
_ 2. The method of claim 1, further comprising:
15 performing electrical measurements to determine the

electrical properties, the electrical measurements being
one-ended measurements. : o

3. The method of claim 2, wherein the act of
20 searching comprises: ' ’ . . ]
evaluating an error function for each model llne to

. determine quality of the match between values of the
electrical properties of the model and subscriber l;nesi

25 4. The method of claim 2, wherein the one—ended
‘measurements determine one of a tlp-to ring admlttance, a
tip-to-ground admlttance, and a ring-to-ground
admittance. .

30 5. The method of claim 4, ‘wherein the electrical
properties include a quantity representative of a phase

of an impedance of the subscriber line.

6. The method of claim 4, wherein the act of
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performing includes transmitting a voltage signai to the
subscriber line through a test access of a switch or a
DSLAM device.

7. The method of claim 2, wherein the act of
identifying indicates that the subscriber line has one or
more bridged taps in response to the matchlng model line
having one or more. brldged taps.

8. The method of claim 2, wherein the act of.
identifying indicates that the subscriber line has a
mixture of gauges in response to the matching model
having a mixture of gauges. '

9. The method of claim 2, wherein the act of
searching for comprises:

looking up values of the electrical properties of
the model lines in a data storage device.

10. The method of claim 2, wherein the act of
seérching comprises: v :

computing values of a portion of the éleétrical
properties of the model lines using a reference equation.

11. The method of claim 2, wherein the one-ended
measurements are performed at a plurality of frequencies.

12. The method of claim 11, further comprising:

calculating a value of signal attenuation for the
subscriber line from the one-ended measurements; and

increasing the calculated value in response to
determining that the line has a bridged tap.
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13. A method of qualifying a subscriber line for é'
data service, comprising:
searching a reference set of model lines for a best
match to a subécriber line by comparing sets of
5 eieCtrical properties;’ ' _
determining that the subscriber line has a specific
physical structure in response to the best matching model
line having the specific physical structure; and
disqualifying the subscriber line for the data’
10 service, in part, in respdnsé to determining that the
. specific.physicél structure corresponds to a disqualified

line.

14. The method of claim 13, wherein the electrical
‘15 properties are obtained from one-ended measurements on
the subscriber 1line.

15. The method of claim 14, wherein the act of -
'searching for a best match comprises:

20 ’ evaluating an error function for each model line to
determine quality df correSpondence between the -
electrical properties of the model line and of the
subscriber line. '

25 16, The method of claim 14, wherein the compared
properties include a quantity indicative of the phase an
impedance of the subscriber line.

17. The method of claim 14, further comprising:
30 making one-ended electrical measurements on the
subscriber line at a plurality of frequencies to obtain
the electrical properties.

RNSNOCIN: <WO  0064130A2 | >

Page 518 of 605



10

15 -

20

25

30 -

‘WO 00/64130 PCT/US00/10301

18. The method of claim 17, further comprising:

calculating a value of signal attenuation fér the
subscriber line from the one-ended measurements; and

‘increasing the value in response to determining that
the line has a bridged tap.

19. The method of claim 18, wherein the. act of -
disqualifying is responsive to the increased value being i
greater than a predetermined threshold value for.the data
service. '

'20. The method of claim 17, wherein the one-ended
measurements determine one of a‘tip¥tofring admittance,fa
tip-to-ground admittance, and a ring—to-éround '
admittance. .

21. The method of claim 17, wherein the making one-
ended measurements includes driving the subscriber line
through a test access of a switch or DSLAM device. '

22. A method of providing a data service,
comprising:

searching a reference set of model lines for a best
match to a subscriber's line by comparing measured .
electrical properties to properties of the model lihes;

determiniﬁg whether the subscriber's line is
qualified for the data service based in part on whether
the. best matching model line has a one of a bridged tap
and a mixture of gauges; and '

performing a'business action in response to
determining that the subscriber's line is qualified.

23. The method of claim 22, wherein the business
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action 1ncludes offering one of the data service and a
service gquality-level agreement to the subscriber.

24. The method of claim 22, wherein the act Qfll
5 offerlng comprises: ' _ '
performing one of a repair and a replacement of the
subscriber line in response to determining that.
subscriber line is disqualified.

10 . 25. The method of claim 22; further compfising:_,“
repeating the acts of searching, determining, and
performing for a plurality of subscriber lines connected
to one telephony switch or one DSLAM device.. '

15 - 26. The method of claim 22, wherein theeect of
searching for a best match comprises: ' "‘
evaluating an error fiunction for each model line to
determine quality of a correspondence between the
' electrical properties. of the model line and the '
20 subscriber line. ‘

27. The method of claim 22, wherein the compared
properties include a quantity indicative of a phase of an
1mpedance of the subscriber line.

2s o
28. ' The method of claim 22, further comprisihg:'
performing one-ended electrical measurements at a
plurality of frequenc1es to obtain the electrlcal
properties.
30

29. The method of claim 22, wherein the’act’df
determining further comprises: _
calculating a value of a signal attenuation for the.

v
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subscriber line from the one-ended measurements; _
increasing the value in response to detérmining that

the line has & bridged tap or a mixture of gauges; and
wherein the act of qualifying is responsive to the

increased value being less than a predetermined threshold
value for the data service. :

30. A data storage device storing an executable
program of instruétions for determining a structure of a
subscriber line, the instructions to cause a computer to:

search a reference set for a match between the
subscriber line ‘and a model line of a reference set, the
match being based on electrical properties of the lines;
and ' o '

identify that the subscriber line has a specific
thsical structure in response to finding a match with
one of the model lines that has the specific physical
structure. ' ‘ B '

31. The device of claim 30, wherein the electrical
properties are déte:mined from one-ended measurements.

32. The device of claim 30, wherein the
instructions to search cause the computer to:

evaluate an error function for each model line to
determine quality of the match between values of the
electrical properties of the model and subscriber lines.

33. The device of claim 30, wherein the electrical
properties include a Quantity representative of a phase

of an impedance of the subscriber line.

34. The device of claim 31, wherein the
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instructions to identify cause the computer to indiéafe
that the subscriber line has one or mbre'bridged taps in
respohse to the matching model line having one or more
bridged taps. ' :

35. The device of claim 31, wherein the
instructions to 1dent1fy cause the computer to 1nd1cate
that the subscriber line has a mixture of gauges in
response to the matching model having a mixture of
10 gauges.

36. The device of claim 31, wherein the electrical
properties in a property at a plurality of frequencies.

15 37. The device of claim 31, the instructions
further causing the computer to: '
calculate a value of 51gnal attenuatlon for the
_subscrlber line from the one-ended measurements; and
increase the calculated value in response.to -
20 determining that the line has a bridged tap. ’
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between the maximum value and the minimum value; (g) determining (218) whether the second difference
value is equal to or greater than the predetermined threshold value; and (h) correcting (220) bit and power
assigning tables of a transmitter and a receiver if the second difference value is greater than or equal to the
threshold value. In addition, the bit and power assigning tables can be corrected accurately since bits and
power are swapped using an actually measured SNR.

FIG. 3
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FIG. 2 (o)
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2303032

ADAPTIVE BIT SWAPPING METHOD AND DEVICE
FOR DISCRETE MULTITONE SYSTEM

The present invention relates to a discrete multitone
(DMT) system, and more particularly, to an adaptive bit
swapping method and device for a DMT system, which adjust
the number of bits and power assigned to each sub-channel
according to channei characteristics varied during data
transmission.

A multiggrrief is generally used in.a DMT system to

use a channel efficiently for'transmitting data. Basically

in multicarrier modulation, several carrier-modulated

waveforms are overlapped to represent an input bit stream.

A multicarrier transmission signal is the composite of M

independent sub-signals or sub-channels, each having the

same bandwidth of 4.3125KHz and respective main frequencies

of £, (i=1, 2, 3,...M). These sub-signals are Quadrature

Amplitude Modulation (QAM) signals. When data 1is
transmitted at a high speed via an inferior transmission
path such as a copper line, the DMT system enables the data

to be transmitted at 6Mbps or above, thus offering a good

service. In this DMT system using several carriers, the

number of bits and power of each channel depending on its

signal-to-noise ratic (SNR) are assigned to each sub-

channel in the initialization of the system.

Changing the number of bits and power assigned to each
sub-channel according to its SNR, which is varied without

an interruption in a data stream in a data transmission

mode, is referred to as bit swapping. Bit swapping is used

1
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in an Asymmetric Digital Subscriber Line (ADSLi service
employing the DMT system to reduce an error pfobability of
transmission data.

Channel characteristics vary graduallyﬂwith time in

5 most systems, and frequency response charaéte:isﬁics'of en_
ADSL loop vary gradually with temperature; Therefore, a
channel model determined in the initializati6n of‘a system
should be changed according to the freduency response
characteristige. ’ .

10 A conventional method for.alloga;ing Bitsrto-a sub-
channel will be described as follows. | ‘

A transmitter terminal as well as a receiver teérminal
by adaption can operate according to the essential cbncept
of a bitAallocating method which has been proposed‘inAa

15 v dissertation submitted to the Department of Electrieal
Engineering and the Committee on Graduate Studies of
STANFORD University in partial fulfillment of the
requirements for the Degree Qf Doctor of-Philosophy, May
1993, entitled "BANDWIDTﬁ OPTIMIzED DIGITAL TRANSMISSION

20 ' TECHNIQUES FOR SPECTRALLY SHAPED CHANNELS WITH IMPULSE
_NOISE“, by Ronald R. Hunt and P.S. Chow. Details of the
bit allocating method there described are as foliows:

1. the steady state mean square errors (MSE) ‘s of all
used sub-channels are monitored, where these erxrror wvalues .

25 are differences between inputs and outputs of a slicer;

2. it is determined continuously whether the

.differencé.between a maximum error value and a minimum

error value is a predetermined threshold value (generally
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" decreased by 1,

3dB) or above, and if the difference is the threshold value

or above, the procedure goes to the subsequent step;

3. the bit number of a value in a bit allocation

table for a sub-channel having the maximum error value is

while the bit number of a value in a bit
allocation table for a sub-channel having the minimum error

value is increased by 1;

4, the minimum error is doubled, while the maximum

erroxr is halved;

5. the Slicer settings for two sub-channels whose bit
values are changed are adjusted; and

6. the bit swapping information is sent back to a

transmission part.

The initial number of bits allocated to a sub-channel
is determined according to an SNR measured during an

initialization in an ADSL DMT system. However, the above

bit allocation method exhibits the drawback that an
incorrect bit swapping may be performed, since an MSE value
may be increased due to an error, such as a burst error

when data is examined in a reception part, or a frequency-

domain equalizer (FEQ) error which can affect MSE in a

steady state.

To circumvent the above problems, it is first object

of the present invention to provide an adaptive bit
swapping method for a DMT system in which bits allocated to

each sub-channel are swapped in a transmission unit

according ‘to an actually measured SNR.

It is second object of the present invention to
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provid an adaptive bit swapping d vice for a DMT system.
To achieve th first object, there is prévided an
adaptive bit swapping method in a discrete multitpne (DMT)
system for an asymmetric digital subscriber line (ADSL)
5 ' which has a transmitter foi encoding and converting data to
be transmitted via a channel, and a receiver for iestorihg
the transmitted data to ihe original fbrm by cdnversion and
decoding, said meﬁhod comprisiﬁg the steps  of: (a)
'initializing said DMT system to transmit said daté via said
10 channel in a'?teady state; (b) selecting a frame having én
inserted sync block from a frame ,st:ucture of said
transmitted data; (c¢) calculating the ~signai—to-noise
ratios (Sﬂks) of . respective sub-channels of said'selectéd
frﬁme; (d) calculating*first difference value between the.
15 present representative SNRs calculated in step (c) and the
previous representative SNRs of each vsub-channel; (e)
selecting a maximum value and minimum value among the first
difference values of said respective sub-channels; (£)
obtaining the second difference value between séid maximum
20 value and said minimum value; (g) determining whether said
second difference value is equal to or greater than the
predetermined threshold value; and (h) correcting bit and
power assigning tables of a transmitter and a receiver if

said second difference value is greater than or equal to

25 said threshold value. -
To achieve the second object, there is provided an
‘adaptive bit swapping device functioning as a r ceiver for

restoring th transmitted data to the original form by

BNSDOCID: <GB___ 2303032A__|_>

Page 586 of 605



10

1S

20

25

_3NSDOCID: <GB

2303032A | >

conversion and decoding, said device being included in a
discrete multitone (DMT) system for an asymmetric digital
subscriber line (ADSL) which has a transmitter for encoding
and converting data to be transmitted via a channel, said
device comprising: A/D converting means for converting said
analogue data signal received via said channel into a
digital signal; time-domain equalizing means for receiving
said digital signal and reducing a guard band used to
remove an interblock | interference; fast-Fourier
transforming‘ﬁegns for receiving the output of said time-
domain equalizing wmeans and>demodulating said data signal
modulated in said tranémitter; frequency-domain equalizing
means for feceiving' the output of said fast Fourier
tranéforming means and compengating for a phase erxror of
each sub-channel; SNR measuring means for selecting a frame
having an inserted sync block frdm a frame structure of
said transmitted data, calculating the signal-to-noise
ratios (SNRs) of reépective sub-channels of said selected
frame, calculating first difference value between the
present representative SNRs calculated above and ~the
previous representative SNRs of each sub-channel, selecting
a maximum value and minimum value among the first
difference values of said respective sub-channels,
obtaining the second difference value between said maximum
value and said minimum value, determining whether said
second difference value is equal to or greater than the
predetermined threshold value and outputting to a

transmitter and a receiver the signal used for correcting
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bit and power assigning tables of a transmitter and a
receiver; and decoding means for receiving the outputs of
said SNR measuring means and said frequency-domain
equalizing means, resetting a slice value, and decoding
5 said reset slice value. |

Specific embodiments of the present invem:ion are
described in detail below, by way of example, with
reference to the attached drawihgs, in which:
| FIG. 1 is a block diagram of a conventional basic DMT

oo

10 . system;

FIG. 2 is a flow-chart of a bit swapping method for a
DMT system according to an embodiment of the presént
invention;
FIG. 3 is a block diagram of a receiving unit in a DMT
15 system for performing the method of FIG. 2 according to an
embodiment of the present invention; and
FIG. 4 illustrates the structure of a superframe based
on "ADSL standards", which is transmitted 1n a steady
state. |
20 An adaptive bit swapping method and device for a DMT
system acéording to an embodiment of the present invention
will be described below, with reference to. the attached
drawings.
A conventional basic DMT system shown in FIG. 1 has a
25 transmitter 100 including an encoder 104, an inverse fast
Fourier transformer (IFFT) 106 and a digital/analogue (D/A)
converter-iba, a receiver 102 includihg an analogue/digital

(A/D) converter 110, a fast Fourier transformer (FFT) 112

BNSPOCIN: <GR 23030324 | >
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and a decoder 114, and a transmission path (a transmission
channel or a channel) 116. A DMT system for an ADSL
transmits a signal via 256 individual channels each having
a 4KHz bandwidth. The encoder 104 of the transmitter 100 in
[ ‘the' DMT system shown in FIG. 1 simply receives data
sequences via an input terminal IN (the accurate numbexr of
bits depends on a data rate and an overhead) and allocates
the input data sequences to a multitude of sub-channels.
The IFFT 106 produces a plurality of time based samples
10 ~ having several real number values from an encoded value.
The D/A converter 108 conveft:s a plurality of the received
time based samples into an analogue signal suitable for
transmission via a copper line, and- transmits the analogue
signal to the A/D converter 110 via the transmission path

15 116.

The receiver 102 performs the operations of the

transmitter 100 in. a reverse oxrder. The receiver 102

consists of three components for performing time recovery,

filtering, and chaﬁnel check functions, respectively.

20 An adaptive bit swapping device for a DMT system
according to an embodiment of the present invention is
shown in Fig.3 and includes an A/D converter 300, a time-
domain equalizer (TEQ) 302, an FFT 304, a frequency-domain
equalizer (FEQ) 306, a decoder 308, and an SNR measurer

25 310.

Referring to FIG. 2, showing an algorithm for a bit
swapping method for a DMT system according to an embodiment

of the present invention, when the DMT system is activated

BNSDOCID: <GB~ 2303032A_)_>
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to transmit data, it ié initializ d with regard to th
channel conditions of the transmitter and receiver}-in step
200. The initialization is divided into activation &
recognition, transceiver‘training,_and channel analysis &
5  exchange. The initialization in the embodiment of th
| present invention is especially concerned with channel
analysié, since the SNﬁ of each sub-channel of a channel
formed between the transmitter and the receiver is measured
and the nﬁmbe; of bits and power afe assigned accérding to
10 - the vaxiatioﬁ*invthe measured SNR. When the DMT system is
a placed in a steady state after the initialization, data
transmission begins, in step 202.
FIG} 4 illustrates the structure of a superframe of
data transmitted in a steady'state, which is determined by
15 "ADSL standards". Referring to FIG. 4, a sync (ronization)
| symbol'400 used to restore the synchronization of the data
without reinitialization when the data are affected by an
instantaneous interrupt is inserted in a‘frame 68 of fram s
0-68. S
20 | In step 204, frame 68 alone is selected after step 202
iﬂ the embodiment of the present invention, whereas all
 frames among the 68 frames shown in FIG. 4 are selected to
obtain MSEs in the‘pripf art. In step 206, the signal PSD
of each sub-channel is measurea by a deterministic least
. 25 sequence (DLS) method, after step 204. The DLS method
indicates that known sequence values received from the
traﬁsmittér via.the channel are accumulated and averaged.

A channel response free of random noise can be achieved by

BNSDOCID: <GB___2303032A_|_>
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this method, and the signal PSD of each sub-channel can be
achieved by fast Fourier transforming the channel response.
In step 208, the noise PSD of each sub-channel is measur 4
by a Welch method after step 206. After step 268,' the SNR
s of each sub-channel is obtained from the measured signal
PSD and noise PSD in step 210. After step 210, it is
determined whether the obtained SNR is the Nth SNR of each
sub-channel or not in step 212. Here, N is a predetermined

numberx (50~150) . Steps 206-210 should Dbe performed

10 'repeatedly £t series of N sequent superframes because a

‘plurality of sync frames 68, each pattern of which is
known, is needed in order to accurately measure the SNR of

each sub-channel.

If N SNRs for each sub-channel are obtained, then
15 firstly, the representative SNR (SNR,.) of each sub-channel
is obtained by averaging the N SNRs. Then, the difference

value (or first difference value) betv}een th_e presently

obtained SNR., and the previously obtained SNR,, is

calculated for each sub-channel. By a method similar to‘

20 ' that described above, all first difference wvalues for all
sub-channels are obtained in step 214.

The maximum and the minimum values among the first

difference values calculated in step 214 are selected in

step 216. After step 216, the second difference value

25 between the maximum value and the minimum -value is
calculated and it is determined whether <the second
difference value is a predetermined threshold value (around

3 DB) or not in step 218. If the second difference value is

BNSDOCID: <GB 2303032A | >
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smallexr than the threshqld value, the procedure fe ds back
to step 204, and if it is gqual to or gr ater than the
threshold v#lue, the bits and power assigned to a
corresponding sub-channel in a transmitter are‘swapped.
s That is, the number of bit of a’sub-channelAhaving.a.
minimum value is assigned to sub-channel having aimaximﬁm
value. Thus, the corresponding parameters (a bit number and
power table) should be changed_td enable a feceiver’to make
an accurate decision, in step 220. In step 222, it is
10 ' -determined wggther the DMT system is off after step 220;
If it is not off, the procedure feeds back to step 204, and
if it is off, the bit swappingﬁ method of the present
invention'endsT '
Since the bit swapping only takes place once after at
15 least one superframe has been transmitted' (17msec is
required’ for one superframe transmiésion), a long time is
required for the bit swapping. However, éven though the
channel changes during the time required ‘fér the bit
swapping, this method can be used because a channel changes
20 ' very slowly, for example by temperature, etc;
FigL3 shows a device for performing the above-
described imethod. The A/D converter 300 converts an
analogue signal received via an input port IN into a
digital signal. The TEQv302 receives the digital signal
25 from the A/D converter 300 and reduces a guard band used to
| remove an interblock interference (IBI),éroduced due to
characteristics of a DMT ‘system. For this purpose; a

finite impulse response filter (FIR) may be used as the TEQ

10
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302. Th FFT 304 receives the sighal output from the TEQ
302 and performs a demodulation corresponding to a
modulation of the transmitter. Thus, the FFT 304 serves as
a demodulator corresponding to the IFFT 106 of FIG. 1. The
.FEQ 306 is a filter for receiving the output of the FFT 304
and compensating for a phase error of each sub-channel.
Meanwhile, the SNR measurer 310 of FIG. 3 receives the
output of the A/D converter 300 and performs the steps 204-
220 described in Fig.2. The SNR measurer 310 can be

wome

10 achieved in terms of software in a digital signal
processor. After processing step 218 shown in Fig.2, the
SNR measurer 310 outputs the .éontrol signal for bit
swapping to the transmitter via an output port OUT1 to
correct a_bit allocation table at a transmitter, and fhe
15 -measured SNR of each sub-channel is output to the decoder
308. The decoder 308 receives the outputs of the SNR
measurer 310 when frame 68 is input, and the output of the
FEQ 306 when any frame among frames 0 - 67 is input,

1

decides a slicer value, decodes the reset slicer value, and

20 outputs the decoded value via an output port OUT2.

As described above, in the adaptive bit swapping
method and device of embodiments of the present invention
in the DMT syétem, the method for comparing SNRs is added
to an SNR measuring method used in a conventional process

25 of initialization. The adaptive bit swapping device
) selects only frame 68 from each superframe, thereby

simplifying a conventional complex hardware construction

using all frames. Furthermore, in the adaptive bit swapping

11
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method, more accurat swépping information for changing the
.numbér of bit and.corresponding power can be transmitted to
a transmitter than in the conventional method_depénding,on
an MSE, since an actually measured SNR value on a f¥ame 68 -
s is used whén the assigned bit numbér and ﬁhe assigned
. quantity ‘of _pdwer are changed according to a chann 1

variation.

12

BNSDOCID: <GB__ 2303032A__|_> ‘

Page 594 of 605



CLAIMS

1. An adaptive bit swapping method for use in a

discrete multitone (DMT) system for an asymmetric digital
subscriber line (ADSL) which has a transmitter for’encoding
s and converting data to be transmitted via a channel, and a
receiver for restoring the transmitted data to the original
form by conversion and decoding, said method comprising the
steps of: »
(a) initializing said DMT gystem to transmit said data
10 via said chanfiel in a steady state; _
| (b) selecting a frame having an inserted sync block
from a frame structure of said transmitted data; |
(c) calculating the signal-to-noise ratios (SNRs) of
respective sub-channels of said selected frame;
1s (d)  calculating first difference values between the
present representative SNRs calculated in step (c) and th
previous representative SNRs of each sub-channel;
(e) selecting a maximum value and minimum value among

the first difference values of said respective sub-

20 channels;
' (f) obtaining a second difference wvalue being a
.difference between said maximum wvalue and said minimum

value;

(g) determining whether said second difference value

25 is equal to or greater than a predetermined -threshold

value; and
(h) ¢orrecting bit and power assigning tables of a

transmitter and a receiver if said second difference valu

i3

AV ~AR 23MNABA
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iS'greater than or equal to said threshold value.
2. An adaptive bit swapping method a$ claimed in
claim 1, whefein said step (a) comprises the steps pf:
establishing the initial bits and powe:-values_of said
5 DMT system; and . |
sﬁarting a transmission of data in § éteady-sta£e of
said DMT. system. | |
' 3. an adaptive bit swapping method as c1éimed.in
élaim 1 or claim 2, wﬁerein said step (c).éompriées theb

10 - . steps of;
measuring the signal power spectrumvdensity'(PSD)‘of
‘each sub-channel by a determiniéﬁic ieast sequence. (DLS)
method; ;
measuring a noise PSD of each sub-channel by a Welch
15 ' method; and ' ‘ v '
" calculating said SNR of each'sub-channel_ffom'said
measured signal PSD and said noise PSD. l ~ |
4. An adaptive bit swapﬁing method as claimed in any
of claims 1 to 3, wherein sai&'steps (b) and (c) aré
20 performed repeatedly a predetermined number 6f'times, and
representative SNR value of each sub-chanﬁgl are calculated
making use of said SNRs if the prédetermined numbér of SNRS
is obtained for each sub-channel. _
5. An adaptive bit swapping method as claimed in.
25 claim 4, wherein said step (c) comprises the step of;
' feeding the procedure back to said step (b), if said

predetermined number of SNRs of each sub-channel has not

been obtained

14
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6. An adaptive bit swapping method as claimed in any

preceding claim, wherein said step (g) comprises the step
of;

feeding the procedure back to said step (b), if said
second difference value is not greater than or equal to
said predeterﬁined threshold value.

7. An adaptive bit swapping device adapted to
function as a receiver for restoring transmitted data to
its original form by conversion and decoding, said device
being adapteé&for inclusion in a discrete multitone (DMT)
system for an asymmetric digital subscriber line (ADSL)
which has a transmitter for encodiﬁg and converting data to
be transmitted via a channel, said device comprising:

A/D con?erting means for convérting said analogue data
signal received via said‘channel into a digital signal;

time-domain equalizing means for receiving said
digital signal and reducing a guard band used to remove an
interblock interference;

fast-Fourier transforming means for receiving the
output of said time-domain equalizing means ‘and -
demodulating said data signal modulated in said
transmitter;

frequency-domain equalizing means for receiving the
output of said fast Fourier transforming means and
compensating for a phase error of each sub-channel;

SNR measuring means for obtaining the representative
SNRs of said respective sub-channels from the output of

said A/D converting means using a frame having an inserted

p
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sync 'symbol from a frame structure of transmitted data,
calculating a first difference values between the previous
represe/nf:ative SNR and present representative SNR for each
sub-channel, comparing a threshold value with a second
5 : difference Value being a difference between maximum and
minimum value of said first difference values,’ and
6utputting to.a t_ransmitter and a receiver the signal us 4
fo,r' correcting a bit allocation table according to. the
compared result; and v
10 _ ) decodipé“;' means for receiving the dutputs of said SNR
| '.measuring -means and said frequency-domain equalizing means,
resetting a slice value, and decoding said reset slice
value.
8. An adaptive bit swapping device adapted to
15 function as' a receiver for restoring transmitted data to
| its original form by conversion and ’décoding, said device
being adapted for inc;lusion in a discrete multitone (DMT)
system for an asymmetric digital subscriber line (ADSL)‘
which has a transmitter fpr encoding and converting data to.
20 be transmitte;l iria a channel, said device comprising::
A/D converting means for converting said analogu data
signal re_ceived via said channel into a digital éignal;
time-domain _equalizing means for receiving said
digital signal and reducing a guard band used to remove an

25 interblock interference;

fast-Fourier transforming means for receiving the
output of said time-domain equalizing means and

demodulating __said data signal modulated iri said

16
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transmitter;

frequency-domain equalizing means for receiving  the
output of said fast Fourier transforming means and
ébmpensating for a phase exrror of each sub—chanhel;

SNR measuring means for selecting a frame having an
inserted sync block from a frame structure of said
transmitted data, calculating ﬁhe signal-to-noise rétios
(SNRs) of respective sub-channels of said selected fram‘,
calculating first difference values between the present
10 representatiﬁ% SNRs calculated above and the previous

representative SNRs of each sub-channel, selecting a
maximum value and minimum value ambng the first difference
values of said respective sub-channels,Aobtaining.a second
difference value beihg a difference between said maximum
15 value and said minimum value, determining whether said
second difference value is equal to or Jreater than the
predetermined threshold value, and outputting to a
transmitter and a receiver the signal used for correcting
bit and power assigning tables of a transmittér and a

20 receiver; and
decoding means for receiving the outputs cf said SNR
measuring means and said frequency-domain equaliiing~means,
resetting a slice value, and decoding said reset slicé

value.

25 9. An adaptive bit swapping device substantially as

herein described with reference to Figure 3 with or without

reference to Figures 2 and 4.

10. A discrete multitone (DMT) system for an

17
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asymmetric digital subscribef line (ADSL) which has a
.transmitter for encoding and converting data to be
transmitted via a channel, said system compriéing an
adaptive bit swapping device as claimed in any of claims 7

S | to 9. . '
11.4 An adaptive bit swapping method substantially as
herein described with reference to Figure 2 with or without

reference to Figures 3 and 4.

18

BNSDOCID: <GB__ 2303032A __|_>

Page 600 of 605



Application N : GB 9613602.3 Examiner: David Midgley
Claims searched: 1-11 Date of search: 22 October 1996
Patents Act 1977
Search Report under Section 17
Databases searched:

UK Patent Office collections, including GB, EP, WO & US patent specifications, in:
UK Cl1 (Ed.O): H4P (PAQ,PAL,PEM)
IntA Cl (Ed.6): HO4L 5/06,27/34
Other: ONLINE:WPI

Documents considered to be relevant:

Category| Identity of document and relevant passage Relevant
to claims |-
NONE
X  Document indicating lack of novelty or inventive step A D indicating technological background and/or siate of the an.
Y D indicating lack of i ive step if bined P Document published on or afier the declared priority date but before
with one or more other d of same gory. the filing date of this invenion.

E Patent document published on or afier, but with priority date carlier

&  Member of the same patent family than, the filing date of this application.

\<A

An Executive Agency of the Department of Trade and Industry

BNSDOCID: <GB___2303032A_i_>

Page 601 of 605



T¢4

F—— = = ) | [ e )
o | o _ _ |

_ _ I |
110 ~1—{43a0330 144 o ﬁ._ﬁu\.@._oo 7T xu_ﬂu\ﬁo_o 1 1441 |o—{u3000N3 fo4—NI

_ . oLl I

| 3 - T ] 3 |

|yt ziy olt 1 | 801 901 vor |

— v MI —— e ——— |_ | lw lllllllllll
201 001

LAV d014d) 1 'HId

BNSDOCID: <GB _._ 2303032A _Ti >

Page 602 of 605



FiG.

2

ar4

PuAAAAN. LR 23MN32A Ti >

200
INITIALIZE DMT SYSTEM
1
START DATA TRANSMISSION |__-202
IN A STEADY STATE
SELECT FRAME 68 1._ 204
IN SUPE‘RFRAEL
MEASURE SIGNAL PSD OF 206
SUB—CHANNEL BY DLS METHOD{—
E .
MEASURE NOISE PSD OF |_ 208
SUB—CHANNEL BY WELCH METHOD|
i
CALCULATE SNR OF 210
EACH SUB—CHANNEL
NO |
CALCULATE DIFFERENCE VALUE\ .,
BETWEEN PREVIOUS SNRrep |

AND PRESENT SNRrep IN EACH
SUB-CHANNEL

CALCULATE MAXIMUM VALUE
AND MINIMUM VYALUE -
QF THE DIFFERENCE VALUE

JHRESHOLD YALUE?

Virex — Vimin 2

I

SWAP AND CORRECT BIT AND
POWER ASSIGNING TABLES OF

TRANSMITTER

Page 603 of 605



-

3/4

¢ing —~—

tlno

43[4 IANGD

|
{4 3UNSY3IN

| uNs

olg
43009230 e D T 144 iy biL
, _ , ]
20¢ 90§ ¥0¢ - Zog

€ bl

/v

4-— NI

!

008

BNSDOCID: <GB___2303032A_TI_>

Page 604 of 605



VY v W —yv| Wi ——

S1Ag FEN—= —— —-

!

dbad

-S3LA0 N .

_ t
[(V)INIOd 3AvY4 YIVG XnA}}

_ —saAd i ———+
L BTG

f

(Viva QIAVITNALNY

AINYANNQN Q viva ETIT: |

33InG VIivd GIAVITYIAING

M533

!

15v4 184

“H333n8 YIvV0 ISVJ

Y
lllll (28s7052469,/89) 3NVYA — =
(e HoLvaIaNI="q'l aloN) 00 . T } __,.. g
[ 1

, l )
108MAS| 29 99 5% ¥E 2 2 bt o
HINAS | INvES | INvY INVY4 | IRV Anved | InvYd | IMvad
| ———— N‘
}oov _ (oesus/ () -

INVYIHIANS
¥ "DId

Page 605 of 605



