
Case 1:22-cv-01331-RP Document 14 Filed 12/29/22 Page 1 of 1 

AO l20 (Rev. 08/10) 

Mail Stop 8 , REPORT ON THE 

TO: Director of the U.S. Patent and Trademark Office 

P.O. Box 1450 

FILING OR DETERMINATION OF AN 

ACTION REGARDING A PATENT OR 

TRADEMARK 
Alexandria, VA 22313-1450 

In Compliance with 35 U.S.C. § 290 and/or 15 U.S.C. § I 116 you arc hereby advised that a court action has been 

filed in the U.S. District Court Western District of Texas - Austin Division on the following 

0 Trademarks or 1B' Patents. ( D the patent action involves 35 U.S.C. § 292.): 

DOCKET NO. DATE FILED U.S. DISTRICT COURT 

1 :22-cv-1331 12/19/2022 Western District of Texas - Austin Division 

PLAINTIFF 
DEFENDANT 

NETWORK SYSTEM TECHNOLOGIES, LLC QUALCOMM INCORPORATED, et al. 

PATENTOR DATE OF PATENT HOLDER Of PATENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

I 7,366,818 4/29/2008 Network System Technologies, LLC 

2 7,373,449 5/13/2008 Network System Technologies, LLC 

3 7,594,052 9/22/2009 Network System Technologies, LLC 

4 7,769,893 8/3/2010 Network System Technologies, LLC 

5 8,072,893 12/6/2011 Network System Technologies, LLC 

6 8,086,800 12/27/2011 Network System Techr.ologies, LLC 

In the above---entitled case, the following patent(s}/ trademark(s) have been included: 

DATE INCLUDED INCLUDED BY 

0 Amendment 0 Answer D Cross Bi!l D Other Pleading 

PATENT OR DATE OF PATENT HOLDER OF PATENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

I 

2 

3 

4 

5 

In the above----entitled case, the following decision has been rendered or judgement issued: 

DECISION/JUDGEMENT 

I {RY) DEPUTY CLERK 

Copy 1-llpon initiation of action, mail this copy to Director Copy 3-llpon termination of action, mail this copy to Director 

Copy 2-llpon filing document adding patent(s), mail this copy to Director Copy 4---Case file copy 
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Case 1:22-cv-01331-RP Document 3 Filed 12/20/22 Page 1 of 1 

AO 120 (Rev, 08/10) 
REPORT ON THE 

TO: 
Mail Stop 8 

Director oHhe U.S. Patent and Trademark Office 

P.O. Box 1450 

FILING OR DETERMINATION OF AN 

ACTION REGARDING A PATENT OR 

TRADEMARK 
Alexandria, VA 22313-1450 

In Compliance with 35 U.S.C. § 290 and/or 15 U.S.C. § 1116 you are hereby advised that a court action has been 

filed in the U.S. District Court Western District, Austin on the following 

0 Trademarks or O Patents. ( 0 the patent action involves 35 U.SC. § 292.): 

DOCKET NO. DATE FILED U.S. DISTRICT COURT 

1:22-cv-01331-RP 12/19/2022 Western District, Austin 

PLAINTIFF 
DEFENDANT 

Network System Technologies, LLC Qualcomm Incorporated et al 

PATENTOR DATE OF PATENT HOLDER OF PA TENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

1 7,366,818 4/29/2008 

2 7373,449 5/13/2008 

3 7,594,052 9/22/2009 

4 7,769,893 8/3/2010 

5 8,072,893 12/6/2011 

In the above-entitled case, the following patent(s)/ trademark(s) have been included: 

DATE INCLUDED INCLUDED BY 
0 Amendment 0 Answer 0 Cross Bill 0 Other Pleading 

PATENT OR DATE OF PATENT HOLDER OF PATENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

I 

2 

3 

4 

5 

In the above-entitled case, the following decision has been rendered or judgement issued: 

DECISION/JUDGEMENT 

CLERK (BYt;;_PUTY CLERK ·)) 71 c~_lo 
DATE 

Philip J. Devlin _. llii'./'_ FL 12/20/2022 

Copy I-Upon initiation of action, mail this copy to Director Copy 3-Upon termination of action, mail this copy to Director 

Copy 2-Upon filing document adding patent(s), mail this copy to Director Copy 4-Case file copy 
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Case 1:22-cv-01331-RP Document 14 Filed 12/29/22 Page 1 of 1 

AO l20 (Rev. 08/10) 

Mail Stop 8 , REPORT ON THE 

TO: Director of the U.S. Patent and Trademark Office 

P.O. Box 1450 

FILING OR DETERMINATION OF AN 

ACTION REGARDING A PATENT OR 

TRADEMARK 
Alexandria, VA 22313-1450 

In Compliance with 35 U.S.C. § 290 and/or 15 U.S.C. § I 116 you arc hereby advised that a court action has been 

filed in the U.S. District Court Western District of Texas - Austin Division on the following 

0 Trademarks or 1B' Patents. ( D the patent action involves 35 U.S.C. § 292.): 

DOCKET NO. DATE FILED U.S. DISTRICT COURT 

1 :22-cv-1331 12/19/2022 Western District of Texas - Austin Division 

PLAINTIFF 
DEFENDANT 

NETWORK SYSTEM TECHNOLOGIES, LLC QUALCOMM INCORPORATED, et al. 

PATENTOR DATE OF PATENT HOLDER Of PATENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

I 7,366,818 4/29/2008 Network System Technologies, LLC 

2 7,373,449 5/13/2008 Network System Technologies, LLC 

3 7,594,052 9/22/2009 Network System Technologies, LLC 

4 7,769,893 8/3/2010 Network System Technologies, LLC 

5 8,072,893 12/6/2011 Network System Technologies, LLC 

6 8,086,800 12/27/2011 Network System Techr.ologies, LLC 

In the above---entitled case, the following patent(s}/ trademark(s) have been included: 

DATE INCLUDED INCLUDED BY 

0 Amendment 0 Answer D Cross Bi!l D Other Pleading 

PATENT OR DATE OF PATENT HOLDER OF PATENT OR TRADEMARK 

TRADEMARK NO. OR TRADEMARK 

I 

2 

3 

4 

5 

In the above----entitled case, the following decision has been rendered or judgement issued: 

DECISION/JUDGEMENT 

I {RY) DEPUTY CLERK 

Copy 1-llpon initiation of action, mail this copy to Director Copy 3-llpon termination of action, mail this copy to Director 

Copy 2-llpon filing document adding patent(s), mail this copy to Director Copy 4---Case file copy 
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UNITED STA TES p A TENT AND TRADEMARK OFFICE 

APPLICATION NO. ISSUE DATE PATENT NO. 

10/530,267 05/13/2008 7373449 

24737 7590 04/23/2008 

PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
P.O. BOX 3001 
BRIARCLIFF MANOR, NY 10510 

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

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www .uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

NL 021031 3641 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

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

The Patent Term Adjustment is 270 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

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

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

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee 
payments should be directed to the Customer Service Center of the Office of Patent Publication at 
(571)-272-4200. 

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

Andrei Radulescu, Eindhoven, NETHERLANDS; 
Kees Gerard Willem Goossens, Eindhoven, NETHERLANDS; 

IR103 (Rev. 11/05) 
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PART B - FEE(S) TRANSMITTAL 
J 

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

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

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

CURRENTCORRESPONDENCEADDRESS(Note:UseBlock 1 foranychangeofaddress) Note: A certificate of ma1hng can only be used for domestic maihngs of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional paper, such as an assignment or formal drawing, must 
have its own certificate of mailing or transmission. . 

24737 7590 0110912008 

PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
P.U. tsUX JUUl 

Certificate of Mailing or Transmission 
I hereby certifv that this Fee(s) Transmittal is being deposited with the United 
States Postal S'ervice )¥ith sufficient postage for first class mail i~ an env(?lope 
addressed to the MaJI Stop ISSUE FEE address above, or bemg facs1mJie 
transmitted to the USPTO (571) 273-2885, on the date indicated befow. BRIARCLIFF MANOR, NY 10510 

(Depositofs name) 

(Signature) 

(Date) 

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

10/530,267 04/05/2005 Andrei Radulescu NL021031 3641 

TITLE OF INVENTION: INTEGRATED CIRCUIT AND METHOD FOR ESTABLISHING TRANSACTIONS 

APPLN.TYPE SMALL ENTITY ISSUE FEE DUE 

nonprovisional NO $1440 

EXAMINER .1 ART UNIT 

PHAN, RAYMOND NGAN 2111 

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

D Change of correspondence address ( or Change of Correspondence 
Address form PTO/SB/122) attached. 

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

PUBLICATION FEE DUE PREY. PAID ISSUE FEE TOTAL FEE(S) DUE 

$300 $0 

CLASS-SUBCLASS 

710-316000 

2. For printing on the patent front page, list 

(I) the names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

$1740 

DATE DUE 

04/09/2008 

(2) the name of a single firm (having as a member a 2 _____________ _ 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 3 
listeo, no name will be printed. --------------

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

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

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

KONINKLIJKE PHILIPS ELECTRONIC~ N.V. EINDHOVEN, THE NETHERLANDS 

Please check the appropriate assignee category or categories (will not be printed on the patent) : D Individual 131 Corporation or other private group entity D Government 

4a. The following fee(s) are submitted: 

[) Issue Fee 

fKl Publication Fee (No small entity discount permitted) 

D Advance Order - # of Copies ________ _ 

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

0 a. Applicant claims SMALL ENTITY status. See 37 CFR 1.27. 

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

0 A check is enclosed. · 

0 Payment by credit card. Form PTO-2038 is attached. 

~ The Director is hereby authorized to charge the required fee(s), any deficiency, or credit al!)' 
overpayment, to Deposit Account Number 14-12 70 (enclose an extra copy of this form), 

0 b. Applicant is no longer claiming SMALL ENTITY status. See 37 CFR l .27(g)(2). 

NOTE: The Issue Fee and Publication Fee (if required) will not be accepted from anyone other than the applicant; a registered attorney or agent; or the assignee or other party in 
interest as shown by the records of the United States Patent and Trademark Office. . 

Authorized Signature --~/=D~a=n~i~e~l~~J~·~P~i~o~t=r~o~w~s~k~i~/ ______ _ Date __ A~p_r_i_l_S_,_, --"'2--'0--'0~8~---------

Typed or printed name ___ D_a_n_i_e_l __ J_._P_i_o_t_r_o_w_s_k_i _______ _ Registration No. -~4,_,2,_,_0"-'-7""9 __________ _ 

This collection of information is required by 37 CFR 1.311. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to process) 
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, including gathering, prepanng, and 
submitting the completed application fonn to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you reguire to complete 
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. 
Box 1450, Alexandria, Virginia 22313-l.i50. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, 
Alexandria, Virginia 22313-1450. 

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid 0MB control number. 

PTOL-85 (Rev. 08/07) Approved for use through 08/31/2010. 0MB 0651-0033 U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
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Electronic Patent Application Fee Transmittal 

Application Number: 10530267 

Filing Date: 05-Apr-2005 

Title of Invention: APPARATUS AND METHOD FOR COMMUNICATING IN AN 
INTEGRATED CIRCUIT 

First Named Inventor/Applicant Name: Andrei Radulescu 

Filer: Daniel J. Piotrowski/Patti DeMichele 

Attorney Docket Number: NL 021031 

Filed as Large Entity 

U.S. National Stage under 35 USC 371 Filing Fees 

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Basic Filing: 

Pages: 

Claims: 

Miscellaneous-Fi Ii ng: 

Petition: 

Patent-Appeals-and-Interference: 

Post-Al I owance-and-Post-lssu ance: 

Utility Appl issue fee 1501 1 1440 1440 

Publ. Fee- early, voluntary, or normal 1504 1 300 300 

Qualcomm Ex. 1002 
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Description Fee Code | Quantity; Amount sSDIS) in 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 1740     

Samsung Ex. 1002 

Page 7

Description Fee Code Quantity Amount 
Sub-Total in 

USO($) 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 1740 

Qualcomm Ex. 1002 
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Electronic Acknowledgement Receipt 

EFSID: 3119656 

Application Number: 10530267 

International Application Number: 

Confirmation Number: 3641 

Title of Invention: APPARATUS AND METHOD FOR COMMUNICATING IN AN 
INTEGRATED CIRCUIT 

First Named Inventor/Applicant Name: Andrei Radulescu 

Customer Number: 24737 

Filer: Daniel J. Piotrowski/Patti DeMichele 

Filer Authorized By: Daniel J. Piotrowski 

Attorney Docket Number: NL 021031 

Receipt Date: 08-APR-2008 

Filing Date: 05-APR-2005 

Time Stamp: 14:42:21 

Application Type: U.S. National Stage under 35 USC 371 

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $1740 

RAM confirmation Number 8273 

Deposit Account 141270 

Authorized User 

File Listing: 

Document I 
Number Document Description 

I 
File Name 

I 
File Size(Bytes) I Multi ,I Pages 
/Message Digest Part /.zip (if appl.} 

Qualcomm Ex. 1002 
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109572 

1 Issue Fee Payment (PTO-85B) 
NL021031 _IF _2008Apr08.pd 

1 
f 

no 
ba 1 db 7 6ca803eb8233cc959d Ofd e984d 

7d406ced 

Warnings: 

Information: 

8346 

2 Fee Worksheet (PTO-06) fee-info.pdf no 2 
9a0e53fe1460d57f1 0b1 6cb6cf2b64dd8 

c3b7667 

Warnings: 

Information: 

Total Files Size (in bytes):! 117918 

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

New International Agglication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary 
components for an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the 
International Application Number and of the International Filing Date (Form PCT/RO/105) will be issued in due 
course, subject to prescriptions concerning national security, and the date shown on this Acknowledgement 
Receipt will establish the international filing date of the application. 

Qualcomm Ex. 1002 
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Page 1 of 1 

UNITED ST ATES PA TENT AND TRADEMARK OFFICE 

BIB DATA SHEET 

SERIAL NUMBER FILING or 371(c) CLASS 
DATE 

10/530,267 04/05/2005 710 

RULE 

APPLICANTS 
Andrei Radulescu, Eindhoven, NETHERLANDS; 
Kees Gerard Willem Goossens, Eindhoven, NETHERLANDS; 

** CONTINUING DATA************************* 
This application is a 371 of PCT/IB03/04414 10/07/2003 

** FOREIGN APPLICATIONS************************* 
EUROPEAN PATENT OFFICE (EPO) 02079196.8 10/08/2002 

** IF REQUIRED, FOREIGN FILING LICENSE GRANTED ** 
Foreign Priority claimed 9~~ 0 No STATE OR 
35 USC 119(a-d) conditions met Yes O No 0 ~1f~;:;;~ COUNTRY 
Verified and 

NETHERLANDS Acknowledged Exam1nei's Signature Initials 

ADDRESS 

PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
P.O. BOX 3001 
BRIARCLIFF MANOR, NY 10510 
UNITED STATES 

TITLE 

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

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

CONFIRMATION NO. 3641 

GROUP ART UNIT ATTORNEY DOCKET 
NO. 

2111 NL 021031 

SHEETS TOTAL INDEPENDENT 
DRAWINGS CLAIMS CLAIMS 

1 7 2 

APPARATUS AND METHOD FOR COMMUNICATING IN AN INTEGRATED CIRCUIT 

j □ AII Fees 

FEES: Authority has been given in Paper 
I □ 1.16 Fees (Filing) 

FILING FEE ID 1.17 Fees (Processing Ext. of time) 
RECEIVED No. to charge/credit DEPOSIT ACCOUNT 

900 No. for following: I □ 1.18 Fees (Issue) 

J □ Other 

J □ Credit 

BIB (Rev. 05/07). 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313•1450 
www.uspto.gov 

NOTICE OF ALLOWANCE AND FEE(S) DUE 

24737 7590 01/09/2008 

PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
P.O. BOX 3001 
BRIARCLIFF MANOR, NY 10510 

EXAMINER 

PHAN, RAYMOND NGAN 

ART UNIT PAPER NUMBER 

2111 

DATE MAILED: 01/09/2008 

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

10/530,267 04/05/2005 Andrei Radulescu NL021031 3641 

TITLE OF INVENTION: INTEGRATED CIRCUIT AND METHOD FOR ESTABLISHING TRANSACTIONS 

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

nonprovisional NO $1440 $300 $0 $1740 04/09/2008 

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

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

HOW TO REPLY TO THIS NOTICE: 

I. Review the SMALL ENTITY status shown above. 

If the SMALL ENTITY is shown as YES, verify your current 
SMALL ENTITY status: 

A. If the status is the same, pay the TOT AL FEE(S) DUE shown 
above. 

B. If the status above is to be removed, check box Sb on Part B -
Fee(s) Transmittal and pay the PUBLICATION FEE (if required) 
and twice the amount of the ISSUE FEE shown above, or 

If the SMALL ENTITY is shown as NO: 

A. Pay TOT AL FEE(S) DUE shown above, or 

B. If applicant claimed SMALL ENTITY status before, or is now 
claiming SMALL ENTITY status, check box Sa on Part B - Fee(s) 
Transmittal and pay the PUBLICATION FEE (if required) and 1/2 
the ISSUE FEE shown above. 

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

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

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

Page 1 of3 

PTOL-85 (Rev. 08/07) Approved for use through 08/31/2010. 
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PART B - FEE(S) TRANSMITTAL 
J 

Complete and send this form, together with applicable fee(s), to: M.l!il Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

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

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

CURRENTCORRESPONDENCEADDRESS(Note:UseBlock 1 foranychangeofaddress) Note: A certificate of ma1hng can only be used for domestic ma1Jmgs of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional paper, such as an assignment or formal drawing, must 
have its own certificate of mailing or transmission. . 

24737 7590 01/09/2008 

PHILIPS INTELLECTUAL PROPERTY & STANDARDS 
Certificate of Mailing or Transmission 

I hereby certifv that this Fee(s) Transmittal is being deposited with the United 
States Postal S'ervice with sufficient postage for first class mail in an envelooe 
addressed to the Mail Stop ISSUE FEE address above, or being facsimile 
transmitted to the USPTO (571) 273-2885, on the date indicated below. 

P.U . .t:SUX jUUl 

BRIARCLIFF MANOR, NY 10510 
(Depositor's name) 

(Signature) 

(Date) 

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO. 

10/530,267 04/05/2005 Andrei Radulescu NL021031 3641 

TITLE OF INVENTION: INTEGRATED CIRCUIT AND METHOD FOR ESTABLISHING TRANSACTIONS 

APPLN. TYPE SMALL ENTITY ISSUE FEE DUE 

nonprovisional NO $1440 

EXAMINER ART UNIT 

PHAN, RAYMOND NGAN 2111 

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

0 Change of correspondence address ( or Change of Correspondence 
Address form PTO/SB/122) attached. 

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

PUBLICATION FEE DUE PREV. PAID ISSUE FEE TOTAL FEE(S) DUE 

$300 $0 

CLASS-SUBCLASS 

710-316000 

2. For printing on the patent front page, list 

(I) the names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

$1740 

DATE DUE 

04/09/2008 

(2) the name of a single firm (having as a member a 2 ____________ _ 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 3 
listeo, no name will be printed. -------------

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

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

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

Please check the appropriate assignee category or categories (will not be printed on the patent) : 0 Individual O Corporation or other private group entity O Government 

4a. The following fee(s) are submitted: 

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

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

0 a. Applicant claims SMALL ENTITY status. See 37 CFR 1.27. 

4b. Payment of Fee(s): (Please first reapply any previously paid Issue fee shown above) 

0 A check is enclosed. · 

0 Payment by credit card. Form PTO-2038 is attached. 
0 The Director is hereby authorized to charge the required fee(s), any deficiency, or credit any 

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

0 b. Applicant is no longer claiming SMALL ENTITY status. See 37 CFR 1.27(g)(2). 

NOTE: The Issue Fee and Publication Fee (if required) will not be accepted from anyone other than the applicant; a registered attorney or agent; or the assignee or other party in 
interest as shown by the records of the United States Patent and Trademark Office. . 

Authorized Signature ____________________ _ Date _________________ _ 

Typed or printed name ___________________ _ Registration No. ______________ _ 

This collection of information is required by 37 CFR 1.311. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to process) 
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, including gathering, prepanng, and 
submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you reguire to complete 
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. 
Box 1450, Alexandria, Virginia 22313-1~50. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, 
Alexandria, Virginia 22313-1450. 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid 0MB control number. 
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Notice of Allowability 

Application No. 

10/530,267 
Examiner 

Raymond Phan 

Applicant(s) 

RADULESCU ET AL. 
Art Unit 

2111 

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

1. cgj This communication is responsive to the amendment filed on December 1, 2007. 

2. cgj The allowed claim(s) is/are 1-18. 

3. D Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a) D All b) D Some* c) D None of the: 

1. D Certified copies of the priority documents have been received. 

2. D Certified copies of the priority documents have been received in Application No. __ . 

3. D Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: __ . 

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

4. 0 A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF 
INFORMAL PATENT APPLICATION (PTO-152) which gives reason(s) why the oath or declaration is deficient. 

5. D CORRECTED DRAWINGS ( as "replacement sheets") must be submitted. 

(a) D including changes required by the Notice of Draftsperson's Patent Drawing Review ( PTO-948) attached 

1) D hereto or 2) D to Paper No./Mail Date 

(b) D including changes required by the attached Examiner's Amendment/ Comment or in the Office action of 
. Paper No./Mail Date __ . 

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of 
each sheet. Replacement sheet(s) should be labeled as such in the header according to 37 CFR 1.121 (d). 

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

Attachment(s) 
1. D Notice of References Cited (PTO-892) 

2. D Notice of Draftperson's Patent Drawing Review (PTO-948) 

3. D Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date __ 

4. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

U.S. Patent and Trademark Office 

5. D Notice of Informal Patent Application 

6. D Interview Summary (PTO-413), 
Paper No./Mail Date __ . 

7. D Examiner's Amendment/Comment 

8. [gl Examiner's Statement of Reasons for Allowance 

9. D Other __ . 

Raymond Phan 
Patent Examiner 
Tech Center 2100 

PTOL-37 (Rev. 08-06) Notice of Allowability Part of Paper No./Mail Date 200112221 

Qualcomm Ex. 1002 
Page 14



Application/Control Number: 10/530,267 
Art Unit: 2111 

Allowable Subject Matter 

1. Claims 1-18 are allowable over the prior art of records. 

Page2 

2. The following is an Examiner's statement of reasons for the indication of 

allowable subject matter: Claims 1, 7, are allowable over the prior art of record 

because the prior arts, cited in its entirety, or in combination, do not teach wherein 

the resource manager determines whether the at least one connection with the 

communication channels is available based on the connection properties being 

available. 

The remaining claims, not specifically mentioned, are allowed for the same 

rationale as set for their dependent claims. 

3. Any comments considered necessary by applicant must be submitted no later 

than.the payment of the Issue Fee and, to avoid processing delays, should 

preferable accompany the Issue Fee. Such submissions should be clearly labeled 

"Comments on Statement of Reasons for Allowance." 

4. Any inquiry concerning this communication or earlier communications from the examiner should be directed to 
examiner Raymond Phan, whose telephone number is (571) 272-3630. The examiner can normally be reached on Monday­
Friday from 7:30AM-4:00 PM. The Group Fax No. (571) 273-8300. 

Communications via Internet e-mail regarding this application, other than those under 35 U.S.C. 132 or which 
otherwise require a signature, may be used by the applicant and should be addressed to [ raymond.phan@uspto.gov]. 

All Internet e-mail communications will be made of record in the application file. PTO employees do not engage in 
Internet communications where there exists a possibility that sensitive information could be identified or exchanged unless the 
record includes a properly signed express waiver of the confidentiality requirements of 3 5 U .S.C. 122. This is more clearly set 
forth in the Interim Internet Usage Policy published in the Official Gazette of the Patent and Trademark on February 25, 1997 at 
1195 OG 89. 

Information regarding the status of an application may be obtained from the Patent Application Information Retrieval 
(PAIR) system. Status information for published applications may be obtained from either Private PAIR or Public PAIR. Status 
information for unpublished applications is available through Private PAIR only. For more information about the PAIR system, 
see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR system, contact the Electronic Business 
Center (EBC) at 866-217-9197 (toll-free). 

Any inquiry of a general nature or relating to the status of this application should be directed to the TC2 I 00 central 
tdephon, numbe, is (571) 272-2100. ~ 

Raymond Phan 
Patent Examiner 
Tech Center 2100 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re application of: 
RADULESCU et al. 

Application S/No.: 10/530,267 

Filed: April 5, 2005 

Attorney Docket No.: NL021031US 

Examiner: Phan, Raymond N. 

Group Art Unit: 2111 

Confirmation No.: 3641 

For: Integrated Circuit and Method for Establishing Transactions 

Attn: Mail Stop AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

AMENDMENT 

In response to the Office Action mailed on August 23, 2007, Applicants submit 

herewith the following amendments and remarks. 

Amendments to the Claims are reflected in the listing of claims, which begins on page 

2 of this paper. 

Remarks/Arguments begin on page 6 of this paper. 

{WP449616;1} 
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Appl. No. 10/530,267 
Response to Office Action of August 23, 2007 

Amendments to the Claims: 

PATENT 
DocketNo. NL021031US 

This listing of claims will replace all prior versions, and listings, of claims in the 
application. 

Listing of Claims: 

1. (Currently Amended) Integrated circuit comprising a plurality of processing modules 

(M; I; S; T)i aR€l-a network (N; RN), and at least one resource manager (RM) for 

managing resources of the network (N). wherein the modules, network and resource 

manager are disposed on a chip and arranged for providing at least one connection 

between a first and at least one second module, wherein the at least one connection 

comprises a set of communication channels each having a set of connection properties, 

the connection properties of the different communication channels of said connection 

being adjustable independently, wherein said connection supports transactions 

comprising at least one of outgoing messages from the first module to the second 

module and return messages from the second module to the first module, wherein the 

resource manager determines whether the at least one connection with said 

communication channels is available based on the connection properties being 

available. 

2. (Currently Amended) Integrated circuit according to claim 1, further comprising: at 

least one communication managering means (CM) for managing the communication 

between different modules; and at least one resource managing means (RM) for 

managing the resources of the network (N). 

3. (Currently Amended) Integrated circuit according to claim 2, wherein said first module 

(M; I) is adapted to issue a request (REQ) for a connection with at least one of said 

second modules to said communication managering means (CM), said communication 

managering means (CM) is adapted to forward said request (REQ) for a connection with 

communication channels each having a specific set of connection properties to said 

resource manageri-ng means (RM), said resource·managering means _(RM) is adapted 

{WP449616;1} 2 

Qualcomm Ex. 1002 
Page 21



PATENT 
Appl. No. 10/530,267 DocketNo. NL021031US 
Response to Office Action of August 23, 2007 

to determine 1.vhether the requested oonneotion based on said oommunioation ohannels 

\Nith said speoifio oonneotion properties are available, and to responding with the 

availability of the requested connection to said communication manage ring means 

(CM), wherein a connection between the first and second module is established based 

on the available properties of said communication channels of said connection. 

4. (Currently Amended) Integrated circuit according to claim 2, wherein said 

communication managering means (CM) is adapted to reject establishing a connection 

based on the available connection properties when the available connection properties 

are not sufficient to perform the requested connection between said first and second 

module (M, I, S, T). 

5. (Currently Amended) Integrated circuit according to claim 2, wherein said 

communication managering means _(CM) is adapted to request a reset of the 

connection between said first and second module(M, I, S, T), when said modules have 

successfully performed their transactions. 

6. (Previously Presented) Integrated circuit according to claim 2, further comprising: at 

least one network interface means (NI), associated to each of said modules, for 

managing the communication between said modules and said network (N). 

7. (Currently Amended) Method for exchanging messages in an integrated circuit 

comprising a plurality of modules, the messages between the modules being 

exchanged over connections via a network, wherein said connections comprises a set 

of communication channels each having a set of connection properties, any 

communication channel being independently configurable, wherein said connection 

through the network supports transactions comprising at least one of outgoing 

messages from the first module to the second module and return messages from the 

second module to the first module and further comprising the steps of: 

{WP4496 I 6; I} 3 
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PATENT 
Appl. No. 10/530,267 DocketNo. NL021031US 
Response to Office Action of August 23, 2007 

the first module issuing a request for a connection with the second module to a 

communication manager, wherein the request comprises desired connection properties 

associated with the sets of communication channels: 

the communication manager forwarding the request to a resource manager; 

the resource manager determining whether a target connection with the desired 

connection properties is available; 

the resource manager responding with the availability of the target connection to 

the communication manager: and 

the target connection between the first and second module being established 

based on the available properties of said communication channels of said connection. 

8. (Previously Presented) The Integrated circuit of claim 1, further comprising at least 

one of a switch and a router. 

9. (Previously Presented) The Integrated circuit of claim 1, further comprising a chip, 

wherein the processing modules and the network are disposed on said chip. 

10. (Previously Presented) The method of claim 7, wherein the network manages traffic 

utilizing at least one of a switch and a router. 

11. (Previously Presented) The method of claim 7, wherein the processing modules and 

the network are disposed on a chip. 

12. (New) The Integrated circuit of claim 1, wherein the connection properties comprise 

at least one of data transport ordering, flow control, throughput, latency, and lossiness. 

13. (New) The method of claim 7, wherein the connection properties comprise at least 

one of data transport ordering, flow control, throughput, latency, and lossiness. 

{WP449616;1} 4 
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Appl. No. 10/530,267 
Response to Office Action of August 23, 2007 

PATENT 
DocketNo. NL021031US 

14. (New) The method of claim 7, further comprising the resource manager determining 

whether the target connection with the desired connection properties is available based 

on reading of a centralized or distributed property table comprising properties 

associated with the network. 

15. (New) The method of claim 7, further comprising the resource manager reserving 

the target connection after determining whether the target connection with the desired 

connection properties is available. 

16. (New) The method of claim 15, further comprising the communication manager 

rejecting establishing a connection based on the available connection properties when 

the available connection properties are not sufficient to perform the requested 

connection between said first and second modules. 

17. (New) The method of claim 16, further comprising the communication manager 

sending a release request to the resource manager to release the reservation of the 

communication channels associated with the target connection when the target 

connection is refused. 

18. (New) The method of claim 7, wherein the connection properties comprise at least 

one of throughput, latency and jitter. 

{WP449616;1} 5 
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Appl. No. 10/530,267 
PATENT 

DocketNo. NL021031US 
Response to Office Action of August 23, 2007 

REMARKS 

Claims 1-18 are pending. Claims 12-18 have been added. No new matter has 

been added. 

The Office Action rejects claims 1-11 under 35 U.S.C. 103 as being obvious over 

Emerson (U.S. Patent Application No. 20040103230) in view of Adams (U.S. Patent No. 

6,769,046). Applicants respectfully assert that the combination of Emerson and Adams 

fail to disclose or suggest the features of claim 1 which include the resource manager 

determining whether the at least one connection with the communication channels 

being available based on the connection properties being available and the features of 

claim 7 which include the first module issuing a request for a connection with the 

second module to a communication manager, the resource manager determining 

whether a target connection with the desired connection properties is available, and the 

resource manager responding with the availability of the target connection to the 

communication manager. 

The Office Action asserts that Emerson has a communication manager which is 

a multi-core module 102 and also has a resource manager which is arbiter 112. The 

Arbiter 112 of Emerson is a device for prioritizing which port 120 of the module 102 is to 

be utilized: 

{WP449616;1} 

[0026] If the address received at a port matches that of the 
module for that bus, access to multiplexer 122 and the memory 
space of FIFO 126 and SRAM 130 is arbitrated by arbiter 132. 
Arbiter 132 arbitrates which port has use of multiplexer 122 
and of the memory space at a given time. The arbitration 
protocol may be any protocol suitable for the system, 
including rotation of the priority among the ports or 
assigning specific ports a priority over others, or a 
combination of both. It is preferred that any given arbitration 
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Appl. No. 10/530,267 
PATENT 

DocketNo. NL021031US 
Response to Office Action of August 23, 2007 

cycle prioritizes ports 120 so that if the port with the highest 
priority does not have any current requests, the port with the next 
highest priority will be serviced. (Emerson par. 0026)(emphasis 
added). 

The Arbiter 112 of Emerson does not disclose or suggest the features of claim 1 which 

include the resource manager determining whether the at least one connection with the 

communication channels is available based on the connection properties being 

available and the features of claim 7 which include the first module issuing a request for 

a connection with the second module to a communication manager, the resource 

manager determining whether a target connection with the desired connection 

properties is available, and the resource manager responding with the availability of the 

target connection to the communication manager. 

Adams is relied upon by the Office Action for its configurable registers: 

A second method of configuring the system resource router 
includes programming a set of configuration registers through a 
command port. Such allows changes to be made to memory size, 
memory types, and memory timing. These changes are preferably 
made after the device has been synthesized and delivered by 
simply modifying the intellectual property (IP) software. (Adams 
col. 5, line 66 - col. 6, line 6). 

Similar to Emerson, Adams also does not disclose or suggest the features of claim 1 

which include the resource manager determining whether the at least one connection 

with the communication channels is available based on the connection properties being 

available and the features of claim 7 which include the first module issuing a request for 

a connection with the second module to a communication manager, the resource 

manager determining whether a target connection with the desired connection 

properties is available, and the resource manager responding with the availability of the 

target connection to the communication manager. 

{WP449616;1} 7 
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PATENT 
DocketNo. NL021031US 

Claims 2-10 and 12-18 depend from claims 1 and 7, respectively, and, thus, are 

also not rendered obvious by this combination of art. 

Accordingly, for at least the above-described reasons, withdrawal of the 

rejections is respectfully requested. Favorable consideration and early issuance of the 

Notice of Allowance are respectfully requested. 

{WP449616;1} 

Andrew C. Gust 
Registration No. 47,620 
Akerman Senterfitt 
for David Barnes, Reg. No. 47,407 
Philips Electronics North America Corporation 
345 Scarborough Road 
Briarcliff Manor, New York 10510 
Telephone: 914-333-9693 
Facsimile: 914-332-0615 
File: NL021031US 
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Disposition of Claims 

4)[gl Claim(s) 1-11 is/are pending in the application. 
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5)0 Claim(s) __ is/are allowed. 

6)[gl Claim(s) 1-11 is/are rejected. 
7)0 Claim(s) __ is/are objected to. 
8)0 Claim(s) __ are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 
10)0 The drawing(s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 
Replacement drawing sheet(s) including the correction is required if the drawing{s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 
a)O All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 
2.0 Certified copies of the priority documents have been received in Application No. __ . 
3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17.2(a)). 
* See the attached detailed Office action for a list of the certified copies not received. 
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Office Action Summary Part of Paper No./Mail Date 20070810 
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Application/Control Number: 10/530,267 
Art Unit: 2111 

Part III DETAILED ACTION 

Notice to Applicant(s) 

Page2 

1. This action is responsive to the following communications: amendment 

filed on June 6, 2007. 

2. This application has been examined. Claims 1-11 are pending. 

Claim Rejections - 35 USC§ 103 

3. The following is a quotation of35 U.S.C. § 103(a) which forms the basis for 

all obviousness rejections set forth in this Office action: 
(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in section I 02 of 
this title, if the differences between the subject matter sought to be patented and the prior art are such that the subject matter as 
a whole would have been obvious at the time the invention was made to a person having ordinary skill in the art to which said 
subject matter pertains. Patentability shall not be negatived by the manner in which the invention was made. 

4. Claims 1-ll are rejected under 35 U.S.C. § 103(a) as being unpatentable 

over Emerson et al. (US Pub No. 2004/0103230) in view of Adams et al. (US No. 

6,769,046). 

In regard to claims 1, 7, Emerson et al. disclose the system on chip (i.e. SoC) 

comprising numbers of processing modules communicating within the chip (see 

figure 1, para 16-18) wherein the modules communicate via a SoC, the message 

between modules being exchanged over connection via a network (see para 35); 

wherein the connection supports transactions comprising at least one outgoing 

messages from the first module to the second module and return messages from the 

second module to the first module (see para 35). But Emerson et al. do not 

specifically disclose wherein the at least one connection comprises a set of 

communication channels each having a set of connection properties, the connection 

properties of the different communication channels of said connection being 

adjustable independently. However Adams et al. disclose the at least one 

connection comprises a set of communication channels each having a set of 
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connection properties (see col. 5, lines 17-28), the connection properties of the 

different communication channels of said connection being adjustable 

independently (see col. 5, line 66 through col. 6, line 6). Therefore, it would have 

been obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Adams et al. within the system of 

Emerson et al. because it would allow different transactions to occur 

simultaneously across different M-channels. 

In regard to claim 2, Emerson et al. disclose further comprising: at least one 

communication managing means (CM) 102 for managing the communication 

between different modules (see figure 1, para 23); and at least one resource 

managing means (RM) 112 for managing the resources of the network (N) ( see 

figure 1, para 28). 

In regard to claim 3, Adams et al. disclose wherein said first module (M; I) 

is adapted to issue a request (REQ) for a connection with at least one of said 

second modules to said communication managing means (CM), said 

communication managing means (CM) is adapted to forward said request (REQ) 

for a connection with communication channels each having a specific set of 

connection properties to said resource managing means (RM), said resource 

managing means (RM) is adapted to determine whether the requested connection 

based on said communication channels with said specific connection properties are 

available, and to respond the availability of the requested connection to said 

communication managing means (CM), wherein a connection between the first and 

second module is established based on the available properties of said 

communication channels of said connection (see Table I-VI, col. 6, lines 9-17). 

Therefore, it would have been obvious to a person of an ordinary skill in the art at 
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the time the invention was made to have combined the teachings of Adams et al. 

within the system of Emerson et al. because it would allow different transactions to 

occur simultaneously across different M-channels. 

In regard to claim 4, Adams et al. disclose wherein said communication 

managing means (CM) is adapted to reject establishing a connection based on the 

available connection properties when the available connection properties are not 

sufficient to perform the requested connection between said first and second 

module (M, I, S, T) ( see col. 4, lines 31-43 ). Therefore, it would have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Adams et al. within the system of 

Emerson et al. because it would allow different transactions to occur 

simultaneously across different M-channels. 

In regard to claim 5, Adams et al. disclose wherein said communication 

managing means (CM) is adapted to request a reset of the connection between said 

first and second module (M, I, S, T), when said modules have successfully 

performed their transactions (see col. 9, lines 8-22). Therefore, it would have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Adams et al. within the system of 

Emerson et al. because it would allow different transactions to occur 

simultaneously across different M-channels. 

In regard to claim 6, Adams et al. disclose further comprising: at least one 

network interface means (NI) (see col. 7, lines 30-35), associated to each of said 

modules, for managing the communication between said modules and said network 

(N) (see col. 7, lines 30-045 Therefore, it would have been obvious to a person of 

an ordinary skill in the art at the time the invention was made to have combined the 
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teachings of Adams et al. within the system of Emerson et al. because it would 

allow different transactions to occur simultaneously across different M-channels. 

In regard to claims 8, 10, Adams et al. disclose the SOC including at least 

one switch and a router (see col. 4, lines 10:-43). Therefore, it would have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Adams et al. within the system of 

Emerson et al. because it would allow different transactions to occur 

simultaneously across different M-channels. 

In regard to claims 9, 11, Emerson et al. disclose the SOC is a chip wherein 

the processing modules and the network are disposed on the chip ( see figure 1, 

para 16-18). 

Response to Amendment 

5. Applicant's amendment and arguments, see on pages 3-6, filed on June 6, 

2007, with respect to the rejection of claims 1-7 under 35USC103(a) have been 

fully considered and are persuasive. Therefore, the rejection has been withdrawn. 

However, upon further consideration, a new ground of rejection is made in view of 

Emerson et al. and Adams et al. 

Conclusion 

6. All claims are rejected. 

7. The prior arts made of record and not relied upon are considered pertinent to 

applicant's disclosure. 

Calvignac et al. (US Pub No. 2003/010339) disclose a chip to chip 

interface for interconnecting chips. 

Qualcomm Ex. 1002 
Page 36



Application/Control Number: 10/530,267 
Art Unit: 2111 

Page 6 

Gadre et al. (US No. 7,165,128) disclose a multi-functional I/0 organizer 

unit for multiprocessor multimedia chips. 

8. Any inquiry concerning this communication or earlier communications from the examiner should 
be directed to examiner Raymond Phan, whose telephone number is (571) 272-3630. The examiner can 
normally be reached on Monday-Friday from 6:30AM- 4:00PM. The Group Fax No. (571) 273-8300. 

Communications via Internet e-mail regarding this application, other than those under 35 U.S.C. 
132 or which otherwise require a signature, may be used by the applicant and should be addressed to 
[ raymond.phan@uspto.gov ]. 

All Internet e-mail communications will be made ofrecord in the application file. PTO 
employees do not engage in Internet communications where there exists a possibility that sensitive 
information could be identified or exchanged unless the record includes a properly signed express waiver 
of the confidentiality requirements of35 U.S.C. 122. This is more clearly set forth in the Interim Internet 
Usage Policy published in the Official Gazette of the Patent and Trademark on February 25, 1997 at 1195 
0089. 

Information regarding the status of an application may be obtained from the Patent Application 
Information Retrieval (PAIR) system. Status information for published applications may be obtained from 
either Private PAIR or Public PAIR. Status information for unpublished applications is available through 
Private PAIR only. For more information about the PAIR system, see hop://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic Business Center (EBC) 
at 866-217-9197 (toll-free). 

Any inquiry of a general nature or relating to the status of this application should be directed to 
the TC 2100 central telephone number is (571) 272-2100. 

Raymond Phan 
Patent Examiner 
Tech Center 2100 
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511 0 S110 same propert$3 US-PG PUB; OR ON 2007/08/18 15:44 
2 U5PAT; 

U5OCR; 
EPO; 
DERWENT 

S11 3 S109 and (channel same propert$3) U5-PGPUB; OR ON 2007/08/18 15:46 
3 USPAT; 

USOCR; 
EPO; 
DERWENT 

S11 2 ("6769046").PN. U5-PGPUB; OR OFF 2007/08/18 15:46 
4 U5PAT; 

USOCR; 
DERWENT 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re application of: 
RADULESCU et al. 

Application S/No.: 10/530,267 

Filed: April 5, 2005 

Attorney Docket No.: NL021031US 

Examiner: Phan, Raymond N. 

Group Art Unit: 2111 

Confirmation No.: 3641 

For: Integrated Circuit and Method for Establishing Transactions 

Attn: Mail Stop AMENDMENT 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Sir: 

AMENDMENT 

In response to the Office Action mailed on March 2, 2007, Applicants submit 

herewith the following amendments and remarks. 

Amendments to the Specification begin on page 2 of this paper. 

Amendments to the Claims are reflected in the listing of claims, which begins on page 

3 of this paper. 

Remarks/Arguments begin on page 6 of this paper. 

{ WP400260; I } 
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Appl. No. 10/530,267 
Response to Office Action of March 2, 2007 

Amendments to the Specification: 

Please amend the title as follows: 

PATENT 
DocketNo. NL021031US 

Integrated oircuitApparatus and Method for establishing transactionsCommunicating in 

an Integrated Circuit 

{WP400260;1} 2 
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Appl. No. 10/530,267 
Response to Office Action of March 2, 2007 

Amendments to the Claims: 

PATENT 
DocketNo. NL021031US 

This listing of claims will replace all prior versions, and listings, of claims in the 
application. 

Listing of Claims: 

1. (Currently Amended) Integrated circuit comprising a plurality of processing modules 

(M; I; S; T) and a network (N; RN) arranged for providin~ at least one connection 

between a first and at least one second module, wherein the at least one connection 

comprises a set of communication channels each having a set of connection properties, 

the connection properties of the different communication channels of said connection 

being adjustable independently, wherein said connection supports transactions 

comprising at least one of outgoing messages from the first module to the second 

module andtef return messages from the second module to the first module. 

2. (Original) Integrated circuit according to claim 1, further comprising: at least one 

communication managing means (CM) for managing the communication between 

different modules; and at least one resource managing means (RM) formanaging the 

rese>urces of the network (N). 

3. (Original) Integrated circuit according to claim 2, wherein said first module (M; I) is 

adapted to issue a request (REQ) for a connection with at least one of said second 

modules to said communication managing means (CM), said communication managing 

means (CM) is adapted to forward said request (REQ) for a connection with 

communication channels each having a specific set of connection properties to said 

resource managing means (RM), said resource managing means (RM) is adapted to 

determine whether the requested connection based on said communication channels 

with said specific connection properties are available, and to respond the availability of 

the requested connection to said communication managing means (CM), wherein a 

connection between the first and second module is established based on the available 

{WP400260;1} 3 
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PATENT 
Appl. No. 10/530,267 DocketNo. NL021031US 
Response to Office Action of March 2, 2007 

properties of said communication channels of said connection. 

4. (Previously Presented) Integrated circuit according to claim 2, wherein said 

communication managing means (CM) is adapted to reject establishing a connection 

based on the available connection properties when the available connection properties 

are not sufficient to perform the requested connection between said first and second 

module (M, I, S, T). 

5. (Previously Presented) Integrated circuit according to claim 2, wherein said 

communication managing means (CM) is adapted to request a reset of the connection 

between said first and second module(M, I, 8, T), when said modules have successfully 

performed their transactions. 

6. (Previously Presented) Integrated circuit according to claim 2, further comprising: at 

least one network interface means (NI), associated to each of said modules, for 

managing the communication between said modules and said network (N). 

7. (Currently Amended) Method for exchanging messages in an integrated circuit 

comprising a plurality of modules, the messages between the modules being 

exchanged over connections via a network, wherein said connections comprises a set 

of communication channels each having a set of connection properties, any 

communication channel being independently configurable, wherein said connection 

through the network supports transactions comprising at least one of outgoing 

messages from the first module to the second module andlef return messages from the 

second module to the first module. 

8. (New) The Integrated circuit of claim 1, further comprising at least one of a switch and 

a router. 

9. (New) The Integrated circuit of claim 1, further comprising a chip, wherein the 

processing modules and the network are disposed on said chip. 

{WP400260;1} 4 
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Appl. No. 10/530,267 
Response to Office Action of March 2, 2007 

PATENT 
DocketNo. NL021031US 

10. (New) The method of claim 7, wherein the network manages traffic utilizing at least 

one of a switch and a router. 

11. (New) The method of claim 7, wherein the processing modules and the network are 

disposed on a chip. 

{ WP400260; I } 5 
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Appl. No. 10/530,267 
Response to Office Action of March 2, 2007 

REMARKS 

PATENT 
DocketNo. NL021031 US 

Claims 1-11 are pending. Claims 8-11 have been added. No new matter has 

been added. 

The Office Action objects to the title as being non-descriptive. The title has been 

amended which obviates this objection. 

The Office Action rejects claims 1-7 under 35 U.S.C. 103 as being anticipated by 

Lin (U.S. Patent No. 4,807,118) in view of Barr (U.S. Patent Application No. 

20030182419). Applicants respectfully assert that the combination of Lin and Barr fail 

to disclose or suggest the features of claims 1-7 which include an Integrated circuit 

comprising a plurality of processing modules (M; I; S; T) and a network (N; RN) 

arranged for providing at least one connection between a first and at least one second 

module as recited in claims 1-6 and exchanging messages in an integrated circuit 

comprising a plurality of modules, where the messages between the modules are being 

exchanged over connections via a network. Lin describes a "cluster" which is two or 

more separate computer systems. Barr describes a telematics client framework and 

does not rectify the shortcomings of Lin as to this rejection. 

Newly added claims 8-11 depend from claims 1 and 7, respectively, and, thus, 

are also not rendered obvious by this combination of art. Moreover claims 9 and 11 

describe the processing modules and the network being disposed on the chip, as 

opposed to the cluster of Lin. 

{WP400260;1} 6 
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Appl. No. 10/530,267 
Response to Office Action of March 2, 2007 

PATENT 
DocketNo. NL021031US 

Accordingly, for at least the above-described reasons, withdrawal of the 

rejections is respectfully requested. Favorable consideration and early issuance of the 

Notice of Allowance are respectfully requested. 

{WP400260; I} 

A drew C. Gust 
Registration No. 47,620 
Akerman Senterfitt 
for David Barnes, Reg. No. 47,407 
Philips Electronics North America Corporation 
345 Scarborough Road 
Briarcliff Manor, New York 10510 
Telephone: 914-333-9693 
Facsimile: 914-332-0615 
File: NL021031US 
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Office Action Summary 

Application No. 

10/530,267 

Examiner 

Raymond Phan 

Applicant(s) 

RADULESCU ET AL. 

Art Unit 

2111 

•• The MAILING DA TE of this communication appears on the cover sheet with the correspondence address •· 

Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE J MONTH(S) OR THIRTY (30) DAYS, 
WHICHEVER IS LONGER, FROM THE MAILING DATE OF THIS COMMUNICATION. 
• Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 

after SIX (6) MONTHS from the mailing date of this communication. 
• If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 

• Failure to reply within the set or extended period for reply will, by statute. cause the application to become ABANDONED (35 U.S.C. § 133). 

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 

earned patent term adjustment. See 37 CFR 1. 704(b). 

Status 

1 )0 Responsive to communication(s) filed on 07 October 2003. 

2a)0 This action is FINAL. 2b)0 This action is non-final. 

3)0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 O.G. 213. 

Disposition of Claims 

4)0 Claim(s) 1-7 is/are pending in the application. 

4a) Of the above claim(s) __ is/are withdrawn from consideration. 

5)0 Claim(s) __ is/are allowed. 

6)0 Claim(s) 1-7 is/are rejected. 

7)0 Claim(s) is/are objected to. 

8)0 Claim(s) __ are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 

10)0 The drawing(s) filed on __ is/are: a)O accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PT0-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)0 All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 

2.0 Certified copies of the priority documents have been received in Application No. __ . 

3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17 .2(a)). 

*Seethe attached detailed Office action for a list of the certified copies not received. 

Attachment(s) 

1) 0 Notice of References Cited (PTO-892) 

2) 0 Notice of Draftsperson's Patent Drawing Review (PTO-948) 

3) 0 lnfonnation Disclosure Statement(s) (PTO/SB/08) 
Paper No(s)/Mail Date 11092005. 

U.S. Patent and Trademark Office 

4) 0 Interview Summary (PTO-413) 
Paper No(s)/Mail Date. __ . 

5) 0 Notice of lnfonnal Patent Application 

6) 0 Other: __ . 

PTOL-326 (Rev. 08-06) Office Action Summary Part of Paper No./Mail Date 20060917 
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Application/Control Number: 10/530,267 

Art Unit: 2111 

Part III DETAILED ACTION 

Notice to Applicant(s) 

· 1. This application has been examined. Claims 1-7 are pending. 

2. The Group and/or Art Unit location of your application in the PTO has 

Page 2 

changed. To aid in correlating any papers for this application, all further 

correspondence regarding this application should be directed to Group Art Unit 

2111. 

Specification 

3. The title of the invention is not descriptive. A new title is required that is 

clearly indicative of the invention to which the claims are directed. 

Claim Rejections - 35 USC§ 103 

4. The following is a quotation of 35 U.S.C. § 103(a) which forms the basis for 

all obviousness rejections set forth in this· Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set forth in section l02 of 
this title, if the differences between the subject matter sought to be patent~d and the prior art are such that the subject matter as 

a whole would have been obvious at the time the invention was made to a person having ordinary skill in the art to which said 

subject matter pertains. Patentability shall not be negatived by the manner in which the invention was made. 

5. Claims 1-7 are rejected under 35 U.S.C. § 103(a) as being unpatentable over 

Lin et al. (US No 4,807,118) in view of Barr et al. (US Pµb No. 2003/0182419). 

In regard to claims 1, 7, Lin et al. disclose the system comprising a plurality 

of processing modules 10, 20 and a network arranged for providing at least one ' 

connection between a first 10 and at least one second 20 module, wherein said 

connection supports transactions comprising outgoing messages from the first 

module to the second modules and return messages from the second modules to the 

first module (see figure 3, col. 6, lines 49-67). But Lin et al. do not specifically 

disclose wherein the at least one connection comprises a set of communication 

channels each having a set of connection properties, the connection properties of 
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Application/Control Number: 10/530,267 

Art Unit: 2111 

Page 3 

the different communication channels of said connection being adjustable 

independently. However Barr et al. disclose the at least one connection comprises 

a set of communication channels each having a set of connection properties, the 

connection properties of the different communication channels of said connection 

being adjustable independently (see para 44-45). Therefore, it would have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Barr et al. within the system of Lin et ~I. 

because it would dynamically manage and assign access to communication 

channels between the application and a server application. 

In regard to claim 2, Barr et al. disclose further comprising: at least one 

communication managing means (CM) (i.e. message manager 517) for managing 

the communication between different modules (see figure 6, para 45); and at least 

one resource managing means (RM) (i.e. stream manager 519) for managing the 

resources of the network (N) (see figure 6, para 45). Therefore, it would_ have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Barr et al. within the system of Lin et al. 

because it would dynamically manage and assign access to communication 

channels between the application and ~ server application. 

In regard to claim 3, Barr et al. disclose wherein said first module (M; I) is 

adapted to issue a request (REQ) for a connection with at least one of said second 

modules to said communication managing means (CM), said communication 

managing means (CM) is adapted to forward said request (REQ) for a connection 

with communication channels each having a specific set of connection properties 

to said resourc·e managing means (RM), said resource managing means (RM) is 

adapted to determine whether the requested connection based on said 
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Application/Control Number: 10/530,267 
. Art Unit: 2111 
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communication channels with said specific connection properties are available, and 

to respond the availability of the requested connection to said communication 

managing means (CM), wherein a connection between the first and second module 

is established based on the available properties of said communication channels of 

said connection (see para 45). Therefore, it would have been obvious to a person 

of an ordinary skill in the art at the time the invention was made to have combined 

the teachings of Barr et al. within the system of Lin et al. because it would 

dynamically manage and assign access to communication channels between the 

application and a server applicati(;m. 

In regard to claim 4, Barr et al. disclose wherein said communication 

managing means (CM) is adapted to reject establishing a connection based on the 

available connection properties when the available connection properties are not 

sufficient to perform the requested connection between said first and second 

module (M, I, S, T) (see para 46). Therefore, it would have been obvious to a 

person of an ordinary skill in the art at the time the invention was made to have 

combined the teachings of Barr et al. within the system of Lin et al. because it 

would dynamically manage and assign access to communication channels between 

the application and a server application. 

In regard to claim 5, Barr et al. disclose wherein said communication 

managing means (CM) is adapted to request a reset of the connection between said 

first and second module (M, I, S, T), when said modules have successfully 

performed their transactions (see para 62-63). Therefore, it would have been 

obvious to a person of an ordinary skill in the art at the time the invention was 

made to have combined the teachings of Barr et al. within the system of Lin et al. 
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Application/Control Number: 10/530,267 
Art Unit: 2111 

because it would dynamically manage and assign access to communication 

channels between the application and a server application. 

Page 5 

In regard to claim 6, Lin et al. disclose further comprising: at least one 

network interface means (NI) (i.e. Ethernet), associated to each of said modules, 

for managing the communication between said modules and said network (N) (see 

col. 8, lines 49-67). Therefore, it would have been obvious to a person of an 

ordinary skill in the art at the time the invention was made to have combined the 

teachings of Barr et al. within the system of Lin et al. because it would 

dynamically manage and assign access to communication channels between the 

application and a server application. 

Conclusion 

6. · AH claims are rejected. 

7. The prior arts made of record and not relied upon are considered pertinent to 

applicant's disclosure. 

Bixby et al. (US No. 5,317,568) disclose a method 8:nd apparatus for 

managing and facilitating communications in a distributed heterogeneous 

network. 

James et al. (US No. 6,539,450) disclose a method and system for adjusting 

isochronous bandwidth on the bus. 

Grun (US No. 6,629,166) discloses the methods and systems for efficient 

connection of I/0 devices to a channel-based switched fabric. 

8. . Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to examiner Raymond Phan, whose telephone number is (571) 272-
3630. The examiner can normally be reached on Monday-Friday from 6:30AM- 4:00PM. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's supervisor, Mark 
Rinehart can be reached on (571) 272-3632 or via e-mail addressed to mark.rinehart@uspto.gov. The fax 
phone number for this Group is (571) 273-8300. 
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Application/Control Number: 10/530,267 

Art Unit: 2111 

Page 6 

Communications via Internet e-mail regarding this application, other than those under 35 U.S.C. 
132 or which otherwise require a signature, may be used by the applicant and should be addressed to 
[ raymond.phan@uspto.gov]. 

All Internet e-mail communications will be made of record in the application file. PTO 
employees do not engage in Internet communications where there exists a possibility that sensitive 
information could be identified or exchanged unless the record includes a properly signed express waiver 
of the confidentiality requirements of 35 U.S.C. 122. This is more clearly set forth in the Interim Internet 
Usage Policy published in the Official Gazette of the Patent and Trademark on February 25, 1997 at 1195 
0089. 

Information regarding the status of an application may be obtained from the Patent Application 
Information Retrieval (PAIR) system. Status information for published applications may be obtained from 
either Private PAIR or Public PAIR. Status information for unpublished applications is available through 
Private PAIR only. For more information about the PAIR system, see hop://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic Business Center (EBC) 
at 866-217-9197 (toll-free). 

Any inquiry of a general nature or relating to the status of this application should be directed to 
the TC 2100 central telephone number is (571) 272-2100. · 

Raymond Phan 
February 26, 2007 
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51 2 "20050149314" US·PGPUB; OR ON 2006/09/18 07:31 
USPAT; 
EPO; 
DERWENT 

52 3717 communication same channel same US·PGPUB; OR ON 2006/09/18 07:32 
propert$3 USPAT; 

EPO; 
DERWENT 

S3 625 network$ same 52 US·PGPUB; OR ON 2006/09/18 07:32 
USPAT; 
EPO; 
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S4 240 ( communication adj3 channel) US·PGPUB; OR ON 2006/09/18 07:42 
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channel) nears propert$3 'USPAT; 

EPO; 
DERWENT 

511 13 router same 58 US·PGPUB; OR ON 2006/09/18 07:48 
USPAT; 
EPO; 
DERWENT 
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S12 157 active same passive same (network US-PG PUB; OR ON 2006/09/18 07:52 
adj2 interface) USPAT; 

EPO; 
DERWENT 

S13 2068942 propert$3 US-PGPUB; OR ON 2006/09/18 07:48 
USPAT; 
EPO; 
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S14 3 propert$3 same S12 US-PGPUB; OR ON 2006/09/18 07:49 
USPAT; 
EPO; 
DERWENT 

S15 56 propert$3 and S12 US-PGPUB; OR ON 2006/09/18 07:49 
USPAT; 
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S16 140 active adj3 (network adj2 interface) US-PG PUB; OR ON 2006/09/18 07:54 
USPAT; 
EPO; 
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EPO; 
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S21 31 request same response same S8 US-PGPUB; OR ON 2006/09/18 08:24 . 
USPAT; 
EPO; 
DERWENT 

S22 2 ("4807188").PN. US-PG PUB; OR OFF 2006/09/18 08:27 
USPAT; 
USOCR; 
EPO; 
DERWENT· 
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S23 2 ("5807188 11).PN. US-PG PUB; OR OFF 2006/09/18 08:27 
USPAT; 
USOCR; 
EPO; 
DERWENT 

S24 . 3 ("6807188").PN. U5-PGPUB; OR OFF 2006/09/18 08:28 
U5PAT; 
USOCR; 
EPO; 
DERWENT 

525 2 ("4807188").PN. US-PGPUB; OR OFF 2006/09/18 08:31 
U5PAT; 
USOCR; 
EPO; 
DERWENT 

S26 3 propert$3 same order$3 same (flow U5-PGPUB; OR ON 2006/09/18 08:32 
. adj control) same throughput same U5PAT; 
latency EPO; 

DERWENT 

527 10 order$3 same (flow adj control) U5-PGPUB; OR ON 2006/09/18 08:32 
same throughput same latency U5PAT; 

EPO; 
DERWENT 

528 1588 connection adj2 propert$3 U5-PGPUB; OR ON 2006/09/18 08:45 
USPAT; 
EPO; 
DERWENT 

529 0 consumer same S28 same network U5-PGPUB; OR ON 2006/09/18 08:45 
U5PAT; 
EPO; 
DERWENT 

S30 5 consumer same S28 U5-PGPUB; OR ON 2006/09/18 08:46 
U5PAT; 
EPO; 
DERWENT 

531 4 router same 528 U5-PGPUB; OR ON 2006/09/18 08:46 
U5PAT; 
EPO; 
DERWENT 

532 1374 aeth$7 U5-PGPUB; OR ON 2006/09/18 08:48 
U5PAT; 
EPO; 
DERWENT 

533 0 528 and S32 US-PG PUB; OR ON 2006/09/18 08:46 
U5PAT; 
EPO; 
DERWENT 
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534 44 532 and congest$3 U5-PGPUB; OR ON 2006/09/18 08:47 
U5PAT; 
EPO; 
DERWENT 

535 2 aethereal U5-PGPUB; OR ON 2006/09/18 08:50 
U5PAT; 
EPO; 
DERWENT 

536 2 "20040049672" U5-PGPUB; OR ON 2006/09/18 08:50 
U5PAT; 
EPO; 
DERWENT 

537 2154 network adj2 chip U5-PGPUB; OR ON 2006/09/18 09:31 
U5PAT; 
EPO; 
DERWENT 

538 14 537 same (flow adj control) U5-PGPUB; OR ON 2006/09/18 09:33 
U5PAT; 
EPO; 
DERWENT 

539 0 network adj 'on' adj chip U5-PGPUB; OR ON 2006/09/18 09:31 
U5PAT; 
EPO; 
DERWENT 

540 0 network adj 'on' adj2 chip U5-PGPUB; OR ON 2006/09/18 09:31 
U5PAT; 
EPO; 
DERWENT 

541 31 537 and noc U5-PGPUB; OR ON 2006/09/18 10:25 
U5PAT; 
EPO; 
DERWENT 

542 7 "6397287" U5-PGPUB; OR ON 2006/09/18 09:47 
U5PAT; 
EPO; 
DERWENT 

543 2 "2003101307" U5-PGPUB; OR ON 2006/09/18 09:48 
U5PAT; 
EPO; 
DERWENT 

544 48 gemelli.inv. U5-PGPUB; OR ON 2006/09/18 09:48 
U5PAT; 
EPO; 
DERWENT 

545 2 request and "5317568".pn. U5-PGPUB; OR ON 2006/09/18 10:06 
U5PAT; 
EPO; 
DERWENT 
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546 1 channel and "5317568".pn. U5-PGPUB; OR ON 2006/09/18 10:13 
U5PAT; 
EPO; 
DERWENT 

547 25 "710"/$.ccls. and 58 US-PG PUB; OR ON 2006/09/18 10:18 
USPAT; 
EPO; 
DERWENT 

S48 847 chip adj network U5-PGPUB; OR ON 2006/09/18 10: 18 
USPAT; 
EPO; 
DERWENT 

S49 11 propert$3 same S48 U5-PGPUB; OR ON 2006/09/18 10:21 
USPAT; 
EPO; 
DERWENT 

550 2 "20040088566" US-PGPUB; OR ON 2006/09/18 10:21 
USPAT; 
EPO; 
DERWENT 

551 3717 communication same channel same US-PGPUB; OR ON 2006/09/18 10:25 
propert$3 USPAT; 

EPO; 
DERWENT 

S52 29 communication same ~hannel same US-PGPUB; OR ON 2006/09/18 10:55 
(connection near2 propert$3) USPAT; 

EPO; 
DERWENT 

S53 58 communication same ( connection US-PG PUB; OR ON 2006/09/18 11:17 
adj2 propert$3) USPAT; 

EPO; 
DERWENT 

S54 54 desir$3 same establish$3 same US-PGPUB; OR ON 2006/09/18 11:18 
( connection near3 channel) USPAT; 

EPO; 
DERWENT 

S55 1 S54 and "710"/$.ccls. US-PGPUB; OR ON 2006/09/18 11:18 
USPAT; 
EPO; 
DERWENT 

556 4772 establish$3 same ( connection near3 U5-PGPUB; OR ON 2006/09/18 11:18 
channel) USPAT; 

EPO; 
DERWENT 

S57 147 556 and "710"/$.ccls. US-PGPUB; OR ON 2006/09/18 11-: 18 
U5PAT; 
EPO; 
DERWENT 
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S58 532 establish$3 same (connection near3 U5-PGPUB; OR ON 2006/09/18 11:2_1 
channel) same available U5PAT; 

EPO; 
DERWENT 

559 16 S58 and "710"/$.ccls. U5-PGPUB; OR ON 2006/09/18 11:19 
U5PAT; 
EPO; 

I 

DERWENT 

560 27 establish$3 same ( connection near3 US-PG PUB; OR ON 2006/09/18 11:21 
channel) same propert$3 USPAT; 

EPO; 
DERWENT 

S61 123 58 and "709"/$.ccls. US-:PGPUB; OR ON 2006/09/18 11:33 
U5PAT; 
EPO; 
DERWENT 

562 2 ("6799208").PN. US-PGPUB; OR OFF 2006/09/18 11:23 
U5PAT; 
U5OCR; 
EPO; 
DERWENT 

S63 24 S8 and "1~94" US-PG PUB; OR ON 2006/09/18 12:03 
USPAT; 
EPO; 
DERWENT 

564 2 adjust$3 same bandwidth same US-PG PUB; OR ON 2006/09/18 12:04 
channel same "1394" U5PAT; 

EPO; 
DERWENT 

S65 3 adjust$3 same bandwidth same US-PGPUB; OR ON 2006/09/18 12:04 
"1394" U5PAT; 

EPO; 
DERWENT 

566 17573 adjust$3 same bandwidth U5-PGPUB; OR ON 2006/09/18 12:04 
U5PAT; 
EPO; 
DERWENT 

567 3050 adjust$3 same bandwidth same U5-PGPUB; OR ON 2006/09/18 12:04 
channel U5PAT; 

EPO; 
DERWENT 

568 69 (adjust$3 same bandwidth same U5-PGPUB; OR ON 2006/09/18 12:04 
channel) and "1394" U5PAT; 

EPO; 
DERWENT 

569 2 (network adj2 chip) same drop$4 U5-PGPUB; OR ON 2006/12/18 15:08 
same exchang$4 U5PAT; 

EPO; 
DERWENT 
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570 7 (network adj2 chip) same message U5-PGPUB; OR ON 2006/12/18 15:09 
same exchang$4 U5PAT; 

EPO; 
DERWENT 

571 2259 (network adj2 chip) U5-PGPUB; OR ON 2006/12/18 15: 10 
U5PAT; 
EPO; 
DERWENT 

572 17 571 same outgoing U5-PGPUB; OR ON 2006/12/18 15:09 
U5PAT; 
EPO; 
DERWENT 

573 35 (network adj2 chip) and noc U5-PGPUB; OR ON 2006/12/18 15: 11 
U5PAT; 
EPO; 
DERWENT 

574 30 (network adj2 chip) s_ame noc U5-PGPUB; OR ON 2006/12/18 15: 16 
USPAT; 
EPO; 

. DERWENT 

575 0 (network adj2 'on' adj2 chip) U5-PGPUB; OR ON 2006/12/18 15:16 
U5PAT; 
EPO; 
DERWENT 

576 89 connection same propert$3 same U5-PGPUB; OR ON 2007/02/13 12:42 
request same channel U5PAT; 

U5OCR; 
EPO; 

. DERWENT 

· 577 56 connection same header same US-PG PUB; OR ON 2007/02/13 12:44 
initiator same target USPAT; 

USOCR; 
EPO; 
DERWENT 

578 79 . connection same establish$6 same U5-PGPUB; OR ON 2007/02/13 12:51 
initiator same target same request U5PAT; 

U5OCR; 
EPO; 
DERWENT 

579 2 ("6629166").PN. U5-PGPUB; OR OFF 2007/02/13 12:48 
USPAT; 
U5OCR; 
DERWENT 

580 327 connection same establish$6 same U5-PGPUB; OR ON 2007/02/13 12:52 
request same resource same U5PAT; 
bandwidth · U5OCR; 

EPO; 
DERWENT 
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581 8 "710"/$.ccls. and 580 U5-PGPUB; OR ON 2007/02/13 12:52 
U5PAT; 
USOCR; 
EPO; 
DERWENT 

582 41 connection same establish$6 same U5-PGPUB; OR ON 2007/02/13 12:55 
request same resource same U5PAT; 
propert$3 USOCR; 

EPO; 
DERWENT 

583 0 connection same "1394" same US-PG PUB; OR ON 2007/02/13 12:55 
request same resource same U5PAT; 
propert$3 USOCR; 

EPO; 
DERWENT 

584 1 connection same "1394" same US-PG PUB; OR ON 2007/02/13 12:56 
request same propert$3 USPAT; 

USOCR; 
EPO; 
DERWENT 

585 19 connection same "1394" same US-PG PUB; OR ON 2007/02/13 13:04 
propert$3 USPAT; 

USOCR; 
EPO; 
DERWENT 

586 3 connection same "1394" same U5·PGPUB; OR ON 2007/02/13 13:05 
bandwidth same reservation USPAT; 

USOCR; 
EPO; 
DERWENT 

587 7· request same "1394" same U5-PGPUB; OR ON 2007/02/13 13:06 
bandwidth same reservation USPAT; 

USOCR; 
EPO; 
DERWENT 

588 1 request same "1394" same US-PGPUB; OR ON 2007/02/13 13:06 
bandwidth same utilization USPAT; 

USOCR; 
EPO; 
DERWENT 

S89 104 request same "1394:' same US-PG PUB; OR ON 2007/02/13 13:11 
bandwidth USPAT; 

USOCR; 
EPO; 
DERWENT 

S90 977 request same connection same US-PG PUB; OR ON 2007/02/13 13:12 
propert$3 USPAT; 

USOCR; 
EPO; 
DERWENT I I I 
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S91 116 request same connection same US-PG PUB; OR ON 2007/02/13 13:12 
propert$3 same (bandwidth or USPAT; 
buffer or usage) USOCR; 

EPO; 
DERWENT 

S92 13041 request$3 same connection same US-PGPUB; OR OFF 2007/02/13 13:38 
( close or creat$3 or multicast or USPAT; 
throughput) USOCR; 

EPO; 
DERWENT 

S93 18 S92 same "1394" US-PGPUB; OR OFF 2007/02/13 13:41 
USPAT; 
USOCR; 
EPO; 
DERWENT 

S94 41~ plug same "1394" same connection US-PGPUB; OR OFF 2007/02/13 13:41 
USPAT; 
USOCR; 
EPO; 
DERWENT 

595 17 plug same "1394" same connection US-PGPUB; OR OFF 2007/02/13 13:42 
same request U5PAT; 

USOCR; 
EPO; 
DERWENT 

S96 2 595 and ( communication same U5-PGPUB; OR OFF 2007/02/13 13:43 
manager same resource) U5PAT; 

USOCR; 
EPO; 
DERWENT 

597 3 595 and ( communication same US-PGPUB; OR OFF 2007/02/13 13:44 
manager) and (resource same USPAT; 
manager) USOCR; 

EPO; 
DERWENT 

598 5882 connections same manager US-PGPUB; OR OFF 2007/02/13 13:44 
U5PAT; 
U5OCR; 
EPO; 
DERWENT 

599 19043 connections same manager U5-PGPUB; OR ON 2007/02/13 13:44 
U5PAT; 
U5OCR; 
EPO; 
DERWENT 

510 938 connection same manager same U5-PGPUB; OR ON 2007/02/13 13:45 
0 resource same communication U5PAT; 

U5OCR; 
EPO; 
DERWENT 
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510 342 5100 same request$3 U5-PGPUB; OR ON 2007/02/13 13:45 
1 U5PAT; 

U5OCR; 
EPO; 
DERWENT 

510 22 "710"/$.ccls. and 5101 U5-PGPUB; OR ON 2007/02/13 14:08 
2 U5PAT; 

USOCR; 
EPO; 
DERWENT 

S10 3 "20050017980" US-PGPUB; OR ON 2007/02/13 14:09 
3 U5PAT; 

U5OCR; 
EPO; 
DERWENT 

S10 6 (("5553249") or ("6874055") or US-PGPUB; · OR OFF 2007/02/13 14:10 
4 ("6862647")).PN. USPAT; 

U5OCR; 
DERWENT 

S10 2 "20040073697" U5-PGPUB; OR OFF 2007/02/13 14:10 
5 U5PAT; 

USOCR; 
EPO; 
DERWENT 
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WO 2004/034176 PCT/IB2003/004414 

Integrated circuit and method for establishing transactions 

FIELD OF THE INVENTION 

The invention relates to an integrated circuit having a plurality of processing 

modules and a network arranged for providing connections between processing modules and 

a method for exchanging messages in such an integrated circuit. 

5 BACKGROUND OF THE INVENTION 

Systems on silicon show a continuous increase in complexity due to the ever 

increasing need for implementing new features and improvements of existing functions. This 

is enabled by the increasing density with which components can be integrated on an 

integrated circuit. At the same time the clock speed at which circuits are operated tends to 

10 increase too. The higher clock speed in combination with the increased density of 

components has reduced the area which can operate synchronously within the same clock 

domain. This has created the need for a modular approach. According to such an approach 

the processing system comprises a plurality ofrelatively independent, complex modules. In 

conventional processing systems the systems modules usually communicate to each other via 

15 a bus. As the number of modules increases however, this way of communication is no longer 

practical for the following reasons. On the one hand the large number of modules forms a too 

high bus load. On the other hand the bus forms a communication bottleneck as it enables only 

one device to send data to the bus. A communication network forms an effective way to 

overcome these disadvantages. 

20 Networks on chip (NoC) have received considerable attention recently as a 

solution to the interconnect problem in highly-complex chips. The reason is twofold. First. 

NoCs help resolve the electrical problems in new deep-submicron technologies, as they 

structure and manage global wires. At the same time they share wires, lowering their number 

and increasing their utilization. NoCs can also be energy efficient and reliable and are 

25 scalable compared to buses. Second, NoCs also decouple computation from communication, 

which is essential in managing the design of billion-transistor chips. NoCs achieve this 

decoupling because they are traditionally designed using protocol stacks, which provide well­

defined interfaces separating communication service usage from service implementation. 

CONFIRMATION COPY 
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Using networks for on-chip communication when designing systems on chip 

(SoC), however, raises a number of new issues that must be taken into account. This is 

because, in contrast to existing on-chip interconnects (e.g., buses, switches, or point-to-point 

wires), where the communicating modules are directly connected, in a NoC the modules 

5 communicate remotely via network nodes. As a result, interconnect arbitration changes from 

centralized to distributed, and issues like out-of order transactions, higher latencies, and end­

to-end flow control must be handled either by the intellectual property block (IP) or by the 

network. 

Most of these topics have been already the subject ofresearch in the field of 

10 local and wide area networks (computer networks) and as an interconnect for parallel 

machine interconnect networks. Both are very much related to on-chip networks, and many 

of the results in those fields are also applicable on chip. However, NoC's premises are 

different from off-chip networks, and, therefore, most of the network design choices must be 

reevaluated. On-chip networks have different properties {e.g., tighter link synchronization) 

15 and constraints {e.g., higher memory cost) leading to different design choices, which 

ultimately affect the network services. 

NoCs differ from off-chip networks mainly in their constraints and 

synchronization. Typically, resource constraints are tighter on chip than off chip. Storage 

{i.e., memory) and computation resources are relatively more expensive, whereas the number 

20 of point-to-point links is larger on chip than off chip . Storage is expensive, because general­

purpose on-chip memory, such as RAMs, occupy a large area. Having the memory 

distributed in the network components in relatively small sizes is even worse, as the overhead 

area in the memory then becomes dominant. 

For on-chip networks computation too comes at a relatively high cost 

25 compared to off-chip networks. An off-chip network interface usually contains a dedicated 

processor to implement the protocol stack up to network layer or even higher, to relieve the 

host processor from the communication processing. Including a dedicated processor in a 

network interface is not feasible on chip, as the size of the network interface will become 

comparable to or larger than the IP to be connected to the network. Moreover, running the 

30 protocol stack on the IP itself may also be not feasible, because often these IPs have one 

dedicated function only, and do not have the capabilities to run a network protocol stack. 

The number of wires and pins to connect network components is an order of 

magnitude larger on chip than off chip. If they are not used massively for other purposes than 
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NoC communication, they allow wide point-to-point interconnects (e.g., 300-bit links). This 

is not possible off-chip, where links are relatively narrower: 8-16 bits. 

On-chip wires are also relatively shorter than off chip allowing a much tighter , 

synchronization than off chip. This allows a reduction in the buffer space in the routers 

5 because the communication can be done at a smaller granularity. In the current 

semiconductor technologies, wires are also fast and reliable, which allows simpler link-layer 

protocols ( e.g., no need for error correction, or retransmission). This also compensates for the 

lack of memory and computational resources. 

Reliable communication: A consequence of the tight on-chip resource 

10 constraints is that the network components (i.e., routers and network interfaces) must be 

fairly simple to minimize computation and memory requirements. Luckily, on-chip wires 

provide a reliable communication medium, which can help to avoid the considerable 

overhead incurred by off-chip networks for providing reliable communication. Data integrity 

can be provided at low cost at the data link layer. However, data loss also depends on the 

15 network architecture, as in most computer networks data is simply dropped if congestion 

occurs in the network. 

Deadlock: Computer network topologies have generally an irregular (possibly 

dynamic) structure, which can introduce buffer cycles. Deadlock can also be avoided, for 

example, by introducing constraints either in the topology or routing. Fat-tree topologies have 

20 already been considered for NoCs, where deadlock is avoided by bouncing back packets in 

the network in case of buffer overflow. Tile-based approaches to system design use mesh or 

torus network topologies, where deadlock can be avoided using, for example, a tum-model 

routing algorithm. Deadlock is mainly caused by cycles in the buffers. To avoid deadlock, 

routing must be cycle-free, because of its lower cost in achieving reliable communication. A 

25 second cause of deadlock are atomic chains of transactions. The reason is that while a 

module is locked, the queues storing transactions may get filled with transactions outside the 

atomic transaction chain, blocking the access of the transaction in the chain to reach the 

locked module. If atomic transaction chains must be implemented (to be compatible with 

processors allowing this, such as MIPS), the network nodes should be able to filter the 

30 transactions in the atomic chain. 

Data ordering: In a network, data sent from a source to a destination may 

arrive out of order due to reordering in network nodes, following different routes, or 

retransmission after dropping. For off-chip networks out-of-order data delivery is typical. 

However, for NoCs where no data is dropped, data can be forced to follow the same path 
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between a source and a destination ( deterministic routing) with no reordering. This in-order 
data transportation requires less buffer space, and reordering modules are no longer 
necessary. 

Network flow control and buffering strategy: Network flow control and 
5 buffering strategy have a direct impact on the memory utilization in the network. Wormhole 

routing requires only a flit buffer (per queue) in the router, whereas store-and-fotward and 
virtual-cut-through routing require at least the buffer space to accommodate a packet. 
Consequently, on chip, wormhole routing may be preferred over virtual-cut-through or store­
and-forward routing. Similarly. input queuing may be a lower memory-cost alternative to 

IO virtual-output-queuing or output-queuing buffering strategies, because it has fewer queues. 
Dedicated (lower cost) FIFO memory structures also enable on-chip usage of virtual-cut­
through routing or virtual output queuing for a better performance. However, using virtual­
cut-through routing and virtual output queuing at the same time is still too costly. 

Time-related guarantees: Off-chip networks typically use packet switching and 
15 offer best-effort services. Contention can occur at each network node, making latency 

guarantees very hard to offer. Throughput guarantees can still be offered using schemes such 
as rate-based switching or deadline-based packet switching, but with high buffering costs. An 
alternative to provide such time-related guarantees is to use time-division multiple access 
(TOMA) circuits, where every circuit is dedicated to a network connection. Circuits provide 

20 guarantees at a relatively low memory and computation cost. Network resource utilization is 
increased when the network architecture allows any left-over guaranteed bandwidth to be 
used by best-effort communication. 

Introducing networks as on-chip interconnects radically changes the 
communication when compared to direct interconnects, such as buses or switches. This is 

25 because of the multi-hop nature of a network. where communication modules are not directly 
connected. but separated by one or more network nodes. This is in contrast with the prevalent 
existing interconnects (i.e .• buses) where modules are directly connected. The implications of 
this change reside in the arbitration (which must change from centralized to distributed), and 
in the communication properties (e.g., ordering, or flow control). 

30 An outline the differences ofNoCs and buses will be given below. We refer 
mainly to buses as direct interconnects, because currently they are the most used on-chip 
interconnect. Most of the bus characteristics also hold for other direct interconnects (e.g .• 
switches). Multilevel buses are a hybrid between buses and NoCs. For our purposes, 
depending on the functionality of the bridges, multilevel buses either behave like simple 

Qualcomm Ex. 1002 
Page 85



WO 2004/034176 PCT/IB2003/0044 l 4 

5 

buses or like NoCs. The programming model of a bus typically consists of load and store 

operations which are implemented as a sequence of primitive bus transactions. Bus 

interfaces typically have dedicated groups of wires for command, address, write data, and 

read data. A bus is a resource shared by multiple IPs. Therefore, before using it, IPs must go 

5 through an arbitration phase, where they request access to the bus, and block until the bus is 

granted to them. 

A bus transaction involves a request and possibly a response. Modules issuing 

requests are called masters, and those serving requests are called slaves. If there is a single 

arbitration for a pair of request-response, the bus is called non-split. In this case, the bus 

10 remains allocated to the master of the transaction until the response is delivered, even when 

this talces a long time. Alternatively, in a split bus, the bus is released after the request to 

allow transactions from different masters to be initiated. However, a new arbitration must be 

performed for the response such that the slave can access the bus. 

For both split and non-split buses, both communication parties have direct and 

15 immediate access to the status of the transaction. In contrast, network transactions are one­

way transfers from an output buffer at the source to an input buffer at the destination that 

causes some action at the destination, the occurrence of which is not visible at the source. 

The effects of a network transaction are observable only through additional tran.sactions. A 

request-response type of operation is still possible, but requires at least two distinct network 

20 transactions. Thus, a bus-like transaction in a NoC will essentially be a split transaction. 

Transaction Ordering: Traditionally, on a bus all transactions are ordered (cf. 

Peripheral VCI, AMBA, or CoreConnect PLB and OPB. This is possible at a low cost, 

because the interconnect, being a direct link between the communicating parties, does not 

reorder data. However, on a split bus, a total ordering of transactions on a single master may 

25 still cause performance penalties, when slaves respond at different speeds. To solve this 

problem, recent extensions to bus protocols allow transactions to be performed on 

connections. Ordering of transactions within a connection is still preserved, but between 

connections there are no ordering constraints (e.g., OCP, or Basic VCI). A few of the bus 

protocols allow out-of-order responses per connection in their advanced modes ( e.g., 

30 Advanced VCI), but both requests and responses arrive at the destination in the same order as 

they were sent. 

In a NoC, ordering becomes weaker. Global ordering can only be provided at a 

very high cost due to the conflict between the distributed nature of the networks, and the 

requirement of a centralized arbitration necessary for global ordering. Even local ordering, 
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between a source-destination pair, may be costly. Data may arrive out of order if it is 

transported over multiple routes. In such cases, to still achieve an in-order delivery, data 

must be labeled with sequence numbers and reordered at the destination before being 

delivered. The communication network comprises a plurality of partly connected nodes. 

5 Messages from a module are redirected by the nodes to one or more other nodes. To that end 

the message comprises first information indicative for the location of the addressed 

module(s) within the network. The message may further include second information 

indicative for a particular location within the module, such as a memory, or a register 

address. The second information may invoke a particular response of the addressed module. 

10 Atomic Chains of Transactions: An atomic chain of transactions is a sequence 

of transactions initiated by a single master that is executed on a single slave exclusively. 

That is, other masters are denied access to that slave, once the first transaction in the chain 

claimed it. This mechanism is widely used to implement synchronization mechanisms 

between master modules (e.g .• semaphores). On a bus, atomic operations can easily be 

15 implemented, as the central arbiter will either (a) lock the bus for exclusive use by the master 

requesting the atomic chain, or (b) know not to grant access to a locked slave. In the former 

case, the time resources are locked is shorter because once a master has been granted access 

to a bus, it can quickly perform all the transactions in the chain (no arbitration delay is 

required for the subsequent transactions in the chain). Consequently, the locked slave and the 

20 bus can be opened up again in a short time. This approach is used in AMBA and 

CoreConnect. In the latter case, the bus is not locked, and can still be used by other modules, 

however, at the price of a longer locking time of the slave. This approached is used in VCI 

andOCP. 

In a NoC, where the arbitration is distributed, masters do not know that a slave 

25 is locked. Therefore, transactions to a locked slaved may still be initiated, even though the 

locked slave cannot accept them. Consequently, to prevent deadlock, these other transactions 

in the atomic chain must be able to bypass them to be served. Moreover, the time a module 

is locked is much longer in case ofNoCs, because of the higher latency per transaction. 

Media Arbitration: An important difference between buses and NoCs is in the 

30 medium arbitration scheme. In a bus, master modules request access to the interconnect, and 

the arbiter grants the access for the whole interconnect at once. Arbitration is centralized as 

there is only one arbiter component, and global as all the requests as well as the state of the 

interconnect are visible to the arbiter. Moreover, when a grant is given, the complete path 

from the source to the destination is exclusively reserved. In a non-split bus, arbitration takes 
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place once when a transaction is initiated. As a result, the bus is granted for both request and 

response. In a split bus, requests and responses are arbitrated separately. 

In a NoC arbitration is also necessary, as it is a shared interconnect. However, 

in contrast to buses, the arbitration is distributed, because it is performed in every router, and 

5 is based only on local information. Arbitration of the communication resources (links, 

buffers) is performed incrementally as the request or response advances. 

Destination Name and Routing: For a bus, the command, address, and data are 

broadcasted on the interconnect. They arrive at every destination, of which one activates 

based on the broadcasted address, and executes the requested command. This is possible 

10 because all modules are directly connected to the same bus. In a NoC, it is not feasible to 

broadcast information to all destinations, because it must be copied to all routers and network 

interfaces. This floods the network with data. The address is better decoded at the source to 

find a route to the destination module. A transaction address will therefore have two parts: 

(a) a destination identifier, and (b) an internal address at the destination. 

15 Latency: Transaction latency is caused by two factors: (a) the access time to 

the bus, which is the time until the bus is granted, and (b) the latency introduced by the 

interconnect to transfer the data. For a bus, where the arbitration is centralized the access 

time is proportional to the number of masters connected to the bus. The transfer latency itself 

typically is constant and relatively fast, because the modules are linked directly. However, 

20 the speed of transfer is limited by the bus speed, which is relatively low. 

In a NoC, arbitration is performed at each router for the following link. The 

access time per router is small. Both end-to-end access time and transport time increase 

proportionally to the number of hops between master and slave. However, network links are 

unidirectional and point to point, and hence can run at higher frequencies than buses, thus 

25 lowering the latency. From a latency prospective, using a bus or a network is a trade off 

between the number of modules connected to the interconnect (which affects access time), 

the speed of the interconnect, and the network topology. 

Data Format: In most modern bus interfaces the data format is defined by 

separate wire groups for the transaction type, address, write data. read data, and return 

30 acknowledgments/ errors (e.g., VCI, OCP, AMBA, or CoreConnect). This is used to pipeline 

transactions. For example, concurrently with sending the address of a read transaction, the 

data of a previous write transaction can be sent, and the data from an even earlier read 

transaction can be received. Moreover, having dedicated wire groups simplifies the 

transaction decoding; there is no need for a mechanism to select between different kinds of 
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only send data when it has enough credits for the destination slave(s). The slaves grant credits 

to the master when they consume data. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide an integrated circuit and a method for 

exchanging messages in an integrated circuit with a more effective usage of the properties of 

the network. 

This object is achieved by an integrated circuit according to claim 1 and a 

method for exchanging messages according to claim 7. 

Therefore, an integrated circuit comprising a plurality of processing modules 

M; I; S; T and a network N; RN arranged for providing at least one connection between a 

first and at least one second module is provided. Said connections comprises a set of 

communication channels each having a set of connection properties. Said connection 

supports transactions comprising outgoing messages from the first module to the second 

15 module and return messages from the second module to the first module. The connection 

properties of the different communication channels of said connection can be adjusted 

independently. 

Therefore, the utilization of the resources of a network on chip is more 

efficient, since the connection between modules can be efficiently adapted to their actual 

20 requirement, such that the connection is not over dimensioned and unused network resources 

can be assigned to other connections. 

The invention is based on the idea to allow connection channels of a 

connection with different connection properties. 

According to an aspect of the invention, said integrated circuit comprises at 

25 least one communication managing means CM for managing the communication between 

different modules; and at least one resource managing means RM for managing the resources 

of the network N. 

· According to a further aspect of the invention, said first module M; I issues a 

request for a connection to at least one of said second modules to said communication 

30 managing means CM. Said communication managing means CM forwards the request for a 

connection with communication channels each having a specific set of connection properties 

to said resource managing means (RM). Said resource managing means RM determines 

whether the requested connection based on said communication channels with said specific 

connection properties is available. and responds the availability of the requested connection 
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to said communication managing means CM. A connection between the first and second 

module is established based on the available properties or available network resources 

required to implement the properties of said communication channels of said connection. 

According to a still further aspect of the invention. said communication 

5 managing means CM rejects establishing a connection based on the available connection 

properties when the available connection properties are not sufficient to perform the 

requested connection between said first and second module. The connection properties 

require that some network resources are implemented. e.g. a throughput requires slot 

reservation and flow control requires buffering. Therefore, a connection requiring some 

10 properties is opened or not depending on the availability of these resources. Accordingly, the 

communication manager CM has some control over the minimum requirements for a 

connection. 

According to a further aspect of the invention, said communication managing 

means CM issues a request to reset the connection between said first and second module, 

15 when said modules have successfully performed their transactions, so that the network 

resources can be used again for other connections. 

According to still a further aspect of the invention. said integrated circuit 

comprises at least one network interface means NI, associated to each of said m9dules, for 

managing the communication between said modules and said network N. Hence, the modules 

20 can be designed independent from the network and can therefore be re-used. 

The invention also relates to a method for exchanging messages in an 

integrated circuit comprising a plurality of modules as described above. The messages 

between the modules are exchanged over connections via a network. Said connections 

comprises a set of comm~cation channels each having a set of connection properties. Said 

25 connection through the network supports transactions comprising outgoing messages from 

the first module to the second module and return messages from the second module to the 

first module. The network manages the outgoing messages in a way different from the return 

messages, i.e. the connection channels can be configured independently. 

Further aspects of the invention are described in the dependent claims. 

30 These and other aspects of the invention are apparent from and will be 

elucidated with reference to the ernbodiment(s) described hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a System on chip according to a first embodiment. 
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port) through which the modules communicate with the router network RN or other modules 

via the router network RN. The network interface has one or more ports where modules can 

be connected. Two different type of ports are available, namely the active network interface 

port ANIP, which is connected to masters and the passive network interface port PNIP, which 

5 is connected to slave. The communication between the initiator module I and the target 

module T is based on request-response transactions, where the master, i.e. the initiator 

module I. initiates a transaction by placing a request, possibly with some data or required 

connection properties. The request REQ is delivered to the slave, i.e. the target module T, via 

the active network interface port ANIP, the network RN and the passive network interface 

IO port PNIP. The request is executed by the target module T and data is returned as a 
1

response 

RESP if necessary or required. This response RESP may include data and/or 

acknowledgement for the master or initiator module I. 

The modules as described in Fig. I and 2 can be so-called intellectual property 

blocks IPs (computation elements, memories or a subsystem which may internally contain 

15 interconnect modules) that interact with network at said network interfaces NI. Nls provide 

NI ports NIP through which the communication services are acc«?ssed. A NI can have several 

NIPs to which one or more IPs can be connected. Similarly, an IP can be connected to more 

than one NI and NIP. 

The communication over the network is performed by the network interfaces 

20 on connections. Connections are introduced to describe and identify communication with 

different properties, such as guaranteed throughput, bounded latency and jitter, ordered 

delivery, or flow control. For example, to distinguish and independently guarantee 

communication of IMbs and 25Mbs, two connections can be used. Two NIPs can be 

connected by multiple connections, possibly with different properties. Connections as defined 

25 here are similar to the concept of threads and connections from OCP and VCI. Where in OCP 

and VCI connections are used only to relax transaction ordering, we generalize from only the 

ordering property to include among others configuration of buffering and flow control, 

guaranteed throughput, and bounded latency per connection. 

Fig. 3 shows a system on chip according to a third embodiment. The system of 

30 the third embodiment is based on the system according to the second embodiment and 

additionally comprises a communication manager CM and a resource manager RM. Here, the 

communication manager CM and the resource manager RM are arranged in the router 

network RN, but they can also be arranged in one or some of the network interfaces NI. 
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If the initiator module I needs to read or to write data from/to the target 

module T, a request REQ for a connection with the target module T is issued. This request 

REQ is send to a request port of the active network interface ports ANIP of the network 

interface associated to said initiator I. This request can contain information regarding an 

5 identification of at least one target module, i.e. a target ID, as well regarding the properties of 

the connection between the initiator module I and the target module T. The properties of the 

connection between the two modules may depend on the direction, i.e. the properties of the 

request channel can be different of the properties of the response channel. 

The communication manager CM request a connection with a set of properties 

10 between two modules from the resource manager RM, after receiving the request REQ from 

the active network interface ports ANIP, i.e. the properties of a connection, e.g. throughput, 

flow control, are to be requested when asking for a connection setup. The resource manager 

RM allocates the necessary resources and enquires if such a connection based on these 

resources is possible. The properties require resources to be implemented ( e.g., throughput 

15 requires slot reservations, flow control requires buffering). Therefore, a connection requiring 

some properties is opened or not depending on the availability of these resources. The 

availability of the connection properties correspond to the ability of the network to fulfill or 

provide the resources for the connection properties identified in the connection setup request. 

The allocation of the resources can be preformed in two ways. First, the resource manager 

20 RM may contain a property table with entries for all the different properties of the channels 

and connections. Alternatively, one central property table can be provided containing all 

different properties of the network, i.e. the table can either be central or distributed. 

After enquiring of the available connection properties, the resource manager 

RM reserves the available connection i.e. the required resources, and responds to the 

25 communication manager CM which connection is available, i.e. which connection properties 

or the required resources thereof are available for the desired channels. Optionally, the 

communication manager CM can accept the connection with the available properties, but on 

the other hand the communication manager CM may also refuse the offered connection if the 

available properties or the resources thereof are not acceptable. If the communication 

30 manager CM refuses the offered connection, it sends an error message to the initiator module 

I (i.e. via the ANIP) and requests the resource module RM to release the reservation of said 

connections. Otherwise, the resource manager RM sets the connection properties, and 

establishes a connection with accepted properties between said initiator and target modules. 

After said two modules I, T have performed the transactions as requested by the initiator 
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module, the communication manager CM issues a request to said resource manager RM to 

reset the connection or the connection properties. 

The connections according to the embodiments of the invention must be first 

created or established with the desired properties before being used. This may result in 

5 resource reservations inside the network (e.g., buffer space, or percentage of the link usage 

per time unit). If the requested resources are not available, the network RN will refuse the 

request. After usage, connections are closed, which leads to freeing the resources occupied 

by that connection. 

To allow more flexibility in configuring connections, and, hence, better 

l O resource allocation per connection, the outgoing and return parts of connections can be 

configured independently. For example, a different amount of buffer space can be allocated 

in the NIPs at the master and slaves, or different bandwidths can be reserved for requests and 

responses. 

An example for the use of differential properties for the outgoing and return 

15 parts is described as fol1ows. Guaranteed-throughput connections can overbook resources in 

some cases. For example, when an ANlP opens a guaranteed-throughput read connection, it 

must reserve slots for the read command messages, and for the read data messages. The ratio 

between the two can be very large ( e.g., 1: I 00), which leads either to a large number of slots, 

or bandwidth being wasted for the read command messages. 

20 To solve this problem, the connection properties of the request and response 

parts of a connection can be configured independently for all of throughput, latency and jitter. 

Consequently, the connection properties of request part of a connection can be best effort, 

while the connection properties of response can have guaranteed throughput (or vice versa). 

For the example mentioned above, we can use best effort read messages, and guaranteed-

25 throughput read-data messages. No global connection guarantees can be offered in this case, 

but the overall throughput can be higher and more stable than in the case of using only best­

effort traffic. 

A connection on which only read commands are executed for large blocks of 

data can be considered as further example. In such a case, if flow control is implemented, a 

30 network interface PNIP associated to a slave S, T would require a small buffer, while the 

network interface ANIP associated to a master M, I would require a large buffer. In an 

alternative example a guaranteed throughput is required. Typically, a guaranteed throughput 

are provided by reserving fixed-sized slots from a slot table, where a bandwidth value is 

associated to each slot, so that the bandwidth values are summed if more slots are allocated. 
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In such a scheme there will be a minimum bandwidth that can be allocated. Therefore, 

allocating bandwidth only for read commands would be an inefficient use of the bandwidth 

as read commands would only use a small fraction. The return data responses would probably 

use enough bandwidth to justify the slow reservation. To prevent such an inefficient 

5 bandwidth utilization, the request part of the connection can be set up as best effort (i.e. no 

throughput guarantees) and guaranteed throughput only for the response part. Accordingly, 

no overall guarantees will be offered but for a reasonable loaded network, such a connection 

will still perform well. For a network with a low load this solution may be even faster as best­

effort data can be transferred faster ( e.g. there is no need to wait for the assigned bandwidth 

10 slot). 

Depending on the requested services, the time to handle a connection (i.e., 

creating, closing, modifying services) can be short (e.g., creating/closing an unordered, lossy, 

best-effort connection) or significant (e.g., creating/closing a multicast guaranteed­

throughput connection). Consequently, connections are assumed to be created, closed, or 

15 modified infrequently, coinciding e.g. with reconfiguration points, when the application 

requirements change. 

Communication takes place on connections using transaction, consisting of a 

request and possibly a response. The request encodes an operation (e.g., read, v.rrite, flush, 

test and set, nop) and possibly carries outgoing data (e.g., for write commands). The response 

20 returns data as a result of a command (e.g., read) and/or an acknowledgment. Connections 

involve at least two NIPs. Transactions on a connection are always started at one and only 

one of the NIPs, called the connection's active NIP (ANIP). All the other NIPs of the 

connection are called passive NIPs (PNIP). 

There can be multiple transactions active on a connection at a time, but more 

25 generally than for split buses. That is, transactions can be started at the ANIP of a connection 

while responses for earlier transactions are pending. If a connection has multiple slaves, 

multiple transactions can be initiated towards different slaves. Transactions are also pipelined 

between a single master-slave pair for both requests and responses. In principle, transactions 

can also be pipelined within a slave, if the slave allows this. 

30 A transaction can be composed from the following messages: 

A command message (CMD) is sent by the ANIP, and describes the action to 

be executed at the slave connected to the PNIP. Examples of commands are read, write, test 

and set, and flush. Commands are the only messages that are compulsory in a transaction. 

For NIPs that allow only a single command with no parameters (e.g., fixed-size address-less 
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write), we assume the command message still exists, even if it is implicit (i.e., not explicitly 

sent by the IP). 

An out data message (OUTDATA) is sent by the ANIP following a command 

that requires data to be executed (e.g., write, multicast, and test-and-set). 

A return data message (RETDATA) is sent by a PNIP as a consequence of a 

transaction execution that produces data (e.g., read, and test-and-set). 

A completion acknowledgment message (RETSTA T) is an optional message 

which is returned by PNIP when a command has been completed. It may signal either a 

successful completion or an error. For transactions including both RETDA TA and RETST AT 

10 the two messages can be combined in a single message for efficiency. However, 

conceptually, they exist both: RETST AT to signal the presence of data or an error, and 

RETDAT A to carry the data. In bus-based interfaces RETDAT A and RETSTAT typically 

exist as two separate signals. 

Messages composing a transaction are divided in outgoing messages, namely 

15 CMD and OUTDATA, and response messages, namely RETDATA, RETSTAT. Within a 

transaction, CMD precedes aU other messages, and RETDATA precedes RETST AT if 

present. These rules apply both between master and ANIP, and PNIP and slave. 

20 

Connections can be classified as follows: 

A simple connection is a connection between one ANIP and one PNIP. 

A narrowcast connection is a connection between one ANIP and one or more 

PNIPs, in which each transaction that the ANIP initiates is executed by exactly one PNIP. 

An example of the narrowcast connection, where the ANIP performs transactions on an 

address space which is mapped on two memory modules. Depending on the transaction 

address, a transaction is executed on only one of these two memories. 

25 A multicast connection is a connection between one ANIP and one or more 

PNIPs, in which the sent messages are duplicated and each PNIP receives a copy of those 

messages. In a multicast connection no return messages are currently allowed, because of the 

large traffic they generate (i.e., one response per destination). It could also increase the 

complexity in the ANIP because individual responses from PNIPs must be merged into a 

30 single response for the ANIP. This requires buffer space and/or additional computation for 

the merging itself. 

Connecting properties that can be configured for a connection are as follows: 

guaranteed message integrity, guaranteed transaction completion, various transaction 

orderings, guaranteed throughput, bounded latency and jitter, and connection flow control. 
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Data integrity means that the content of messages is not changed (accidentally 

or not) during transport. We assume that data integrity is already solved at a lower layer in 

our network, namely at the link layer, because in current on-chip technologies data can be 

transported uncorrupted over links. Consequently, our network interface always guarantees 

5 that messages are delivered unconupted at the destination. 

A transaction without a response (e.g. a posted write) is said to be complete 

when it has been executed by the slave. As there is no response message to the master, no 

guarantee regarding transaction completion can be given. 

A transaction with a response (e.g. an acknowledged write) is said to be 

10 complete when a RETST AT message is received from the ANIP. Recall that when data is 

received as a response (RETDATA), a RETSTAT (possibly implicit) is also received to 

validate the data. The transaction may either be executed successfully, in which case a 

success RETSTAT is returned, fail in its execution at the slave, and then an execution error 

RETSTAT is returned, or fail because of buffer overflow in a connection with no flow 

15 control, and then it reports an overflow error. We assume that when a slave accepts a CMD 

requesting a response, the slave always generates the response. 

In the network, routers do not drop data, therefore, messages are always 

guaranteed to be delivered at the NI. For connections with flow control, also Nls do not drop 

data. Thus, message delivery and, thus, transaction completion to the IPs is guaranteed 

20 automatically in this case. 

However, if there is no flow control, messages may be dropped at the network 

interface in case of buffer overflow. All of CMD, OUTDATA, and RETDATA may be 

dropped at the NI. To guarantee transaction completion, RETST AT is not allowed to be 

dropped. Consequently, in the ANIPs enough buffer space must be provided to accommodate 

25 RETSTA T messages for aU outstanding transactions. This is enforced by bounding the 

number of outstanding transactions. 

Now the ordering requirements between different transactions within a single 

connection are described. Over different connections no ordering of transactions is defined at 

the transport layer. 

30 There are several points in a connection where the order of transactions can be 

observed:(a) the order in which the master module M, I presents CMD messages to the 

ANIP, (b) the order in which the CMDs are delivered to the slave module T, S by the PNIP, 

(c) the order in which the slave module T, S presents the responses to the PNIP, and (d) the 

order the responses are delivered to the master by the ANIP. Note that not all of (b), (c), and 
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Data integrity means that the content of messages is not changed (accidentally 
or not) during transport. We assume that data integrity is already solved at a lower layer in 

our ne~ork. namely at the link layer, because in current on-chip technologies data can be 
transported uncorrupted over links. Consequently, our network interface always guarantees 

5 that messages are delivered uncorrupted at the destination. 

A transaction without a response (e.g. a posted write) is said to be complete 

when it has been executed by the slave. As there is no response message to the master, no 
guarantee regarding transaction completion can be given. 

A transaction with a response (e.g. an acknowledged write) is said to be 

1 O comp]ete when a RETSTAT message is received from the ANIP. Recall that when data is 
received as a response (RETDAT A). a RETSTAT (possibly implicit) is also received to 

validate the data. The transaction may either be executed successfully. in which case a 

success RETSTAT is returned, fail in its execution at the slave, and then an execution error 
RETSTAT is returned. or fail because of buffer overflow in a connection with no flow 

15 control, and then it reports an overflow error. We assume that when a slave accepts a CMD 
requesting a response, the slave always generates the response. 

In the network, routers do not drop data, therefore. messages are always 

guaranteed to be delivered at the NI. For connections with flow control, also Nis do not drop 
data. Thus, message delivery and, thus, transaction completion to the IPs is guaranteed 

20 automatically in this case. 

However, if there is no flow control, messages may be dropped at the network 
interface in case of buffer overflow. All ofCMD, OUTDATA, and RETDATA maybe 

dropped at the NI. To guarantee transaction completion, RETST AT is not allowed to be 

dropped. Consequently, in the ANIPs enough buffer space must be provided to accommodate 
25 RETST AT messages for all outstanding transactions. This is enforced by bounding the 

number of outstanding transactions. 

Now the ordering requirements between different transactions within a single 

connection are described. Over different connections no ordering of transactions is defined at 
the transport layer. 

30 There are several points in a connection where the order of transactions can be 
observed:(a) the order in which the master module M, I presents CMD messages to the 

ANIP, (b) the order in which the CMDs are delivered to the slave module T, S by the PNIP, 
(c) the order in which the slave module T, S presents the responses to the PNIP, and (d) the 
order the responses are delivered to the master by the ANIP. Note that not all of (b ), ( c ), and 
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(d) are always present. Moreover, there are no assumptions about the order in which the 

slaves execute transactions; only the order of the responses can be observed. The order of the 

transaction execution by the slaves is considered to be a system decision, and not a part of the 
interconnect protocol. 

5 At both ANIP and PNIPs, outgoing messages belonging to different 

10 

transactions on the same connection are allowed to be interleaved. For example, two write 

commands can be issued, and only afterwards their data. If the order of OUTDA TA messages 
differs from the order of CMD messages, transaction identifiers must be introduced to 

associate OUTDATAs with their corresponding CMD. 

Outgoing messages can be delivered by the PNIPs to the slaves (see b) as 

follows: 

Unordered, which imposes no order on the delivery of the outgoing messages 
of different transactions at the PNIPs. 

Ordered locally, where transactions must be delivered to each PNIP in the 
15 order they were sent (a), but no order is imposed across PNIPs. Locally-ordered delivery of 

the outgoing messages can be provided either by an ordered data transportation, or by 

reordering outgoing messages at the PNIP. 

Ordered globally, where transactions must be delivered in the order they were 
sent, across all PNIPs of the connection. Globally-ordered delivery of the outgoing part of 

20 transactions require a costly synchronization mechanism. 

Transaction response messages can be delivered by the slaves to the PNIPs (c) 
as Ordered, when RETDA TA and RETSTAT messages are returned in the same order as the 
CMDs were delivered to the slave (b ), or as Unordered, otherwise. When responses are 

unordered, there has to be a mechanism to identify the transaction to which a response 
25 belongs. This is usually done using tags attached to messages for transaction identifications 

(similar to tags in VCI). 

Response messages can be delivered by the ANIP to the master (seed) as 

follows: 

Unordered, which imposes no order on the delivery ofresponses. Here, also, 
30 tags must be used to associate responses with their corresponding CMDs. 

Ordered locally, where RETDATA and RETSTAT messages of transactions 

for a single slave are delivered in the order the original CMDs were presented by the master 
to the ANIP. Note that there is no ordering imposed for transactions to different slaves within 

the same connection. 
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Globally ordered, where all responses in a connection are delivered to the 

master in the same order as the original CMDs. When transactions are pipelined on a 

connection, then globally-ordered delivery ofresponses requires reordering at the ANIP. 

All 3 X 2 X 3 = 18 combinations between the above orderings are possible. 

5 Out of these, we define and offer the following two. An unordered connection is a connection 

in which no ordering is assumed in any part of the transactions. As a result, the responses 

must be tagged to be able identify to which transaction they belong .. Implementing unordered 

connections has low cost, however, they may be harder to use, and introduce the overhead of 

tagging. 

10 An ordered connection is defined as a connection with 1ocal ordering for the 

outgoing messages from PNIPs to slaves, ordered responses at the PNIPs, and global 

ordering for responses at the ANIP. We choose local ordering for the outgoing part because 

the global ordering has a too high cost, and has few uses. The ordering of responses is 

selected to allow a simple programming model with no tagging. Global ordering at the ANIP 

15 is possible at a moderate cost, because all the reordering is done locally in the ANIP. A user 

can emulate connections with global ordering of outgoing and return messages at the PNIPs 

using non-pipelined acknowledged transactions, at the cost of high latency. 

In the network, throughput can be reserved for connections in a time-division 

multiple access (TDMA) fashion, where bandwidth is split in fixed-size slots on a fixed time 

20 frame. Bandwidth, as well as bounds on latency and jitter can be guaranteed when slots are 

reserved. They are all defined in multiples of the slots. 

As mentioned earlier, the network guarantees that messages are delivered to 

the NI. Messages sent from one of the NIPs are not immediately visible at the other NIP, 

because of the multi-hop nature of networks. Consequently, handshakes over a network 

25 would allow only a single message be transmitted at a time. This limits the throughput on a 

connection and adds latency to transactions. To solve this problem, and achieve a better 

network utilization, the messages must be pipelined. In this case, if the data is not consumed 

at the PNIP at the same rate it arrives, either flow control must be introduced to slow down 

the producer, or data may be lost because of limited buffer space at the consumer NI. 

30 End-to-end flow control may be introduced at the level of connections, which 

requires buffer space to be associated with connections. End-to-end flow control ensures that 

messages are sent over the network only when there is enough space in the NIP's destination 

buffer to accommodate them. 
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End-to-end flow is optional (i.e., to be requested when connections are 

opened) and can be configured independently for the outgoing and return paths. When no 

flow control is provided, messages are dropped when buffers overflow. Multiple policies of 

dropping messages are possible, as in off-chip networks. Possible scenarios include: (a) the 

5 oldest message is dropped (milk policy), or (b) the newest message is dropped (wine policy). 

One example for flow control is a credit-based flow control. Credits are 

associated with the empty buffer space at the receiver NI. The sender's credit is lowered as 

data is sent. When the PNIP delivers data to the slave, credits are granted to the sender. If the 

sender's credit is not sufficient to send some data, the NI at the sender stalls the sending. 

IO To illustrate the need for differentiated services on connections, some 

examples of traffic are described below. Video processing streams typically require a loss 

less, in-order video stream with guaranteed throughput, but possibly allow com.1pted samples. 

An connection for such a stream would require the necessary throughput, ordered 

transactions, and flow control. If the video stream is produced by the master, only write 

15 transactions are necessary. In such a case, with a flow-controlled connection there is no need 

to also require transaction completion, because messages are never dropped, and the write 

command and its data are always delivered at the destination. Data integrity is always 

provided by our network. even though it may be not necessary in this case. 

Another example is that of cache updates which require uncorrupted, loss less, 

20 low-latency data transfer, but ordering and guaranteed throughput are less important. In such 

a case, a connection would not require any time reJated guarantees, because a low latency, 

even if preferable, is not critical. Low latency can be obtained even with a best-effort 

connection. The connection would also require flow control and guaranteed transaction 

completion to ensure loss less transactions. However, no ordering is necessary, because this 

25 is not important for cache updates, and allowing out of order transaction can reduce the 

response time. 

A set ofNoC services is defined that abstract from the network details. Using 

these services in IP design decouples computation and communication. A request-response 

transaction model is used to be close to existing on-chip interconnect protocols. This eases 

30 the migration of current IPs to NoCs. To fully utilize the NoC capabilities, such as high 

bandwidth and transaction concurrency, connection-oriented communication are provided. 

Connections can be configured independently with different properties. These properties 

include transaction completion, various transaction orderings, bandwidth lower bounds, 

latency and jitter upper bounds, and flow control. 
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The provision of such network on chip NoC services is a prerequisite for 

service-based system design which makes applications independent of NoC implementations, 

makes designs more robust, and enables architecture-independent quality-of-service 

strategies. 

5 In other situations there may be different types of flow control (e.g. you never 

want to lose write commands, but don't mind losing read data). If a module can do both read 

and write commands, it maybe important that write transactions always succeed (e.g. when 

writing to an interrupt controller), but that read transactions are not critical because they can 

be retried (so the CMD of the read transaction is dropped and the read never execut~ or the 

IO RETDAT A is dropped after the read has been executed. Another example is that if you know 

that writes always succeed if they are delivered, a flow-controlled connection is requested. 

Acknowledgements are not necessary in that case. Without flow control acknowledgements 

are compulsory, complicating the master and causing additional traffic. 

In the integrated circuit according to the invention the decision to drop 

15 messages or not is not decided per transaction but for the outgoing and return parts of 

connection as a whole. For example all outgoing messages having the format reads+address 

or writes+address+data) may be guaranteed lossless, while for all return messages (whether 

read data, write acknowledgements) packets may be dropped. 

A connection could be opened as follows: 

20 connid = open ( 

nofc/fc, 

25 

outgoing unordered/local/global, 

outgoing buffer size, 

return unordered/local/ global, 

return buffer size); 

i.e. all outgoing messages have certain properties, and all return messages have certain 

properties. Where fc represents flow control and nofc represents no flow control. 

An alternative solution for deadlock in NoCs, which takes into consideration 

30 . that modules connecting to the network are either masters (initiating requests and receiving 

responses), or slaves (receiving requests and sending back responses), is to maintain separate 

virtual networks (with separate buffers) for requests and responses. 

According to an embodiment of the invention, a method for exchanging 

messages in an integrated circuit comprising a plurality of modules requests for a connection 
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with specific properties between two modules, decides if said requested connection with said 

properties between said two modules is possible, responds the connection with available 

properties. establishes a connection with said properties between said two modules, and 

performs transactions between said two modules. Additionally, the available connection may 

5 be accepted and the properties of said connection may be reset. 

According to a further embodiment of the invention. the network has a first 

mode wherein a message is transferred within a guaranteed time interval. and a second mode 

wherein a message is transferred as fast as possible with the available resources, wherein the 

outgoing transaction is a read message, requesting the second module to send data to the first 

10 module, wherein the return transaction is the data generated by the second module upon this 

request, and wherein the outgoing transaction is transferred according to the second mode, 

and the return transaction is transferred according to the first mode. For acknowledged write 

transaction the write command and the outgoing data for the master use guaranteed 

throughput, and acknowledgment from the slaves uses best effort. Except for time-related 

15 guarantees, there is also a distinction on the buffering in the above examples. For data 

messages there is potentially more buffering allocated than for commands and 

acknowledgments. Consequently. for a read transaction buffers for the return part would be 

larger than those for the outgoing part. For the acknowledged write buffers the outgoing part 

are larger, and those for acknowledgments are smaller. 

20 According to a further embodiment, it is possible to allocate different 

bandwidths for different channels. However, there are also limitations. A slot table is used, 

which contains a number of slots in a time window. Bandwidth is reserved allocating these 

slots to connections. For example, if a table with 100 slots for a time frame of 1 µs is used, 

each slot will be allocated for 1/100 from lµs = lOns. If the network provides lGb/s per link, 

25 the bandwidth per slot will be 1/100 from 1 Gbs = IOMb/s. Therefore, only multiple of 

1 0Mb/s for guaranteed throughput traffic can be allocated. For a read command generating 

long bursts, allocating the minimum bandwidth of 1 0Mb/s would be probably to much, as it 

will use only a small fraction ofit. The bandwidth can indeed be used by best-effort traffic, 

however, not by other guaranteed throughput traffic. As a result, not all the traffic for which 

30 guarantees are needed may fit in the slot table. An alternative is to use more slots, but this 

increases the cost of the router. Accordingly, a best effort command may be a better solution. 

According to still a further embodiment of the invention, a connection 

between a master and two slave is provided, wherein different properties are assigned to the 

different channels from the master to the slaves. One of these slaves is a fast memory and the 
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other one is a slow memory. A higher throughput is assigned to the channel connecting the 

master and the fast memory. 

As described above, NoCs have different properties from both existing off­

chip networks and existing on-chip interconnects. As a result, existing protocols and service 

5 interfaces cannot be adopted directly to NoCs, but must take the characteristics ofNoCs into 

account. For example, a protocol such as TCP/IP assumes the network is lossy, and includes 

significant complexity to provide reliable communication. Therefore, it is not suitable in a 

NoC where we assume data transfer reliability is already solved at a lower level. On the other 

hand, existing on-chip protocols such as VCI, OCP, AMBA, or CoreConnect are also not 

10 directly applicable. For example, they assume ordered transport of data: if two requests are 

initiated from the same master, they will arrive in the same order at the destination. This does 

not hold automatically for NoCs. Atomic chains of transactions and end-to-end flow control 

also need special attention in a NoC interface. 

The objectives when defining network services are the following. First, the 

15 services should abstract from the network internals as much as possible. This is a key 

ingredient in tackling the challenge of decoupling the computation from communication, 

which allows IPs (the computation part), and the interconnect (the communication part) to be 

designed independently from each other. As a consequence, the services are positioned at the 

transport layer in the OSI reference model, which is the first layer to be independent of the 

20 implementation of the network. Second, a NoC interface should be as close as possible to a 

bus interface. NoCs can then be introduced non-disruptively: with minor changes, existing 

IPs, methodologies and tools can continue to be used. As a consequence, a request-response 

interface is used, similar to interfaces for split buses. Third, the interface extends traditional 

bus interfaces to fully exploit the power of NoCs. For example, connection-based 

25 communication which does not only relax ordering constraints (as for buses), but also enables 

new communication properties, such as end-to-end flow control based on credits, or 

guaranteed throughput. All these properties can be set for each connection individually. 

It should be noted that the above-mentioned embodiments illustrate rather than 

limit the invention, and that those skilled in the art will be able to design many alternative 

30 embodiments without departing from the scope of the appended claims. In the claims, any 

reference signs placed between parentheses shall not be construed as limiting the claim. The 

word "comprising" does not exclude the presence of elements or steps other than those listed 

in a claim. The word "a" or "an" preceding an element does not exclude the presence of a 

plurality of such elements. In the device claim enumerating several means, several of these 
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means can be embodied by one and the same item of hardware. The mere fact that certain 

measures are recited in mutually different dependent claims does not indicate that a 

combination of these measures cannot be used to advantage. 

Furthermore, any reference signs in the claims shall not be construed as 

5 limiting the scope of the claims. 
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CLAIMS: 

1. Integrated circuit comprising a plurality of processing modules (M; I; S; T) 

and a network (N; RN) arranged for providing at least one connection between a first and at 

least one second module, 

wherein the at least one connection comprises a set of communication 

5 channels each having a set of connection properties, the connection properties of the different 

communication channels of said connection being adjustable independently, 

wherein said connection supports transactions comprising outgoing messages 

from the first module to the second module and/or return messages from the second module 

to the first module. 

2. Integrated circuit according to claim I. further comprising: 

at least one communication managing means (CM) for managing the 

communication between different modules; and 

15 at least one resource managing means (RM) for managing the resources of the 

network (N). 

3. Integrated circuit according to claim 2, wherein 

said first module (M; I) is adapted to issue a request (REQ) for a connection 

20 with at least one of said second modules to said communication managing means (CM), 

said communication managing means (CM) is adapted to forward said request 

(REQ) for a connection with communication channels each having a specific set of 

connection properties to said resource managing means (RM), 

said resource managing means (RM) is adapted to determine whether the 

25 requested connection based on said communication channels with said specific connection 

properties are available, and to respond the availability of the requested connection to said 

communication managing means (CM), 

wherein a connection between the first and second module is established based 

on the available properties of said communication channels of said connection. 
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4. Integrated circuit according to claim 2 or 3, wherein 

said communication managing means (CM) is adapted to reject establishing a 

connection based on the available connection properties when the available connection 

5 properties are not sufficient to perform the requested connection between said first and 

second module (M, I, S, T). 

5. Integrated circuit according to claim 2, 3 or 4, wherein 

said communication managing means (CM) is adapted to request a reset of the 

IO connection between said first and second module(M, I, S, T), when said modules have 

successfully performed their transactions. 

6. Integrated circuit according to claim 2, 3, 4 or 5, further comprising: 

at least one network interface means (NI), associated to each of said modules, 

15 for managing the communication between said modules and said network (N). 

7. Method for exchanging messages in an integrated circuit comprising a 

plurality of modules, the messages between the modules being exchanged over .connections 

via a network, 

20 wherein said connections comprises a set of communication channels each 

having a set of connection properties, any communication channel being independently 

configurable, 

wherein said connection through the network supports transactions comprising 

outgoing messages from the first module to the second module and/or return messages from 

25 the second module to the first module. 

Qualcomm Ex. 1002 
Page 106



-aiiiiii 
aiiiiii 

aiiiiii -------
-------

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
22 April 2004 (22.04.2004) 

(51) International Patent Classification 7: 

(21) International Application Nwnber: 

PCT 

G06F 

PCT/IB2003/004414 

(22) International Filing Date: 7 October 2003 (07.10.2003) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Priority Data: 
02079196.8 8 October 2002 (08.10.2002) EP 

(71) Applicant (for all designated States except US): KONIN­
KLUKE PHILIPS ELECTRONICS N-V. [NL/NL); 
Groenewoudseweg 1, NL-5621 BA Eindhoven (NL). 

(72) Inventors; and 
(75) Inventors/Applicants (for US only): RADULESCU, 

Andrei [RO/NL]; c/o Prof. Holstlaan 6, NL-5656 AA 
Eindhoven (NL). GOOSSENS, Kees, G., W. [NJJNLJ; 
c/o Prof. Holstlaan 6, NL-5656 AA Eindhoven (NL). 

(74) Agent: DE JONG, Durk, J.; c/o Prof. Holstlaan 6, 
NL-5656 AA Eindhoven (NL). 

(81) Designated States (national): AB, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, GB, GD, GE, 
GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, 
Kz, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, 
MN, MW, MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, 

111111 lllllal ~ El~I IUll lllll llm 1111111 m u11111m 11111 ~Ill 0111 rm mm 011 ~II Bil 

(10) International Publication Number 
WO 2004/034176 A2 

RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, 
TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, VN. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, VN). 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM). 
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE, 
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO, 
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG). 

Declaration under Rule 4.17: 
as to applicant's entitlement to apply for and be granted 
a patent (Rule 4.17(ii))for the following designations AE, 
AG, Al~ AM, AT, AU, AZ, BA, BB, BG, BR, BY, BZ, CA. CH, 
CN, CO, CR, CU, CZ. DE, DK, DM, DZ, EC, EE. EG. ES. 
Fl, GB, GD, GE, GH, GM, HR, HU, JD, IL, IN, JS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MK, MN. MW. MX, M?., NI, NO, NZ, OM, PG, PH, 
PL. PT. RO, RU, SC, SD, SE, SG, SK, SL. SY, TJ, TM, TN, 
TR, 1T, 7Z, UA, UG, VZ. VC, VN, YU, ZA, ZM, ZW, AR/PO 
patent (GH, GM, KE. LS. MW, MZ. SD, SL, SZ, 7Z, UG, 
ZM, ZW), Eurasian patent (AM, AZ, BY, KG, KZ. MD, RU, 
TJ, TM), European patent (AT, BE, BG, CH, CY, CZ, DE, 
DK, EE, ES, Fl, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, 
RO, SE, SJ, SK, TR), OAP/ patent(BF, BJ, CF, CG, CJ, CM, 
GA, GN, GQ, GW, ML, MR, NE, SN. TD, TG) 

Published: 
without international search report and to be republished 
upon receipt of that report 

For two-Leiter codes and other abbreviations, refer to the "Guid­
ance Notes on Codes and Abbreviations» appearing at the begin­
ning of each regular issue of the PCT Gazette. 

aiiiiii ------------------------------------------------------
\0 
1:­
,-..( 

""" ~ 
~ 

(54) 1itle: INTEGRATED CIRCUIT AND METI!OD FOR ESTABLISHING TRANSACTIONS 

I ANIP RN PNIP T 

RESP RESP 

""" (57) Abstract: An integrated circuit comprising a plurality of processing modules (M; I; S; T) and a network (N; RN) arranged 
Q for providing at"least one connection between a first and at least one second module is provided. Said connections comprises a set 
~ of communication channels each having a set of connection properties. Said connection supports lransactions comprising outgoing 

messages from the first module to the second module and return messages from the second module to the first module. The connec-0 tion properties of the different communication channels of said connection can be adjusted independently. Therefore, the utilization 
::;..,. of the resources of a network on chip is more efficient, since the connection between modules can be efficiently adapted to their actual 
j;iili-- requirement, such that the connection is not over dimensioned and unused network resources can be assigned to other connections. 

Qualcomm Ex. 1002 
Page 107



WO 2004/034176 

M 

I 

I 

REQ ► .ANIP 

~ 
RESP 

REQ ► ANIP 
~ 

RESP 

1/1 

RN 

I 6/ 5 ?:0/JJ/l 
Rec'd PCT/PTO 05 APR 2005 

PCT/IB2003/004414 

S1 
NI 

NI S2 

FIG.1 

T 

FIG.2 

T 

RESP 

FIG.3 

Qualcomm Ex. 1002 
Page 108



COMBINED DECLARATION FOR PATENT APPLICATION AND POWER OF ATTORNEY 
(includes Reference to PCT International Applications) 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated next to my name. 

ATTORNEY'S DOCKET 
NUMBER 

PHNL021031 US 

I believe I am the original, first and sole inventor (if only one name is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is claimed and for which a patent is sought on the invention 

entitled: "Integrated circuit and method for establishing transactions" 
the specification of which (check only one item below): 

D is attached hereto. 

D was filed as United States application 

Serial No 

on 

and was amended 

on 

[xi was filed as PCT international application 

Number ICI'/IB2003/00¼14 

(Jl Cx:tober ax>3 
on 

and was amended under PCT Article 19 

on (if applicable). 

I hereby state that I have reviewed and understand the contents of the above-identified specification, including the 
claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to the examination of this application in accordance with 
Title 37, Code of Federal Regulations,§ 1.56(a). 

I hereby claim foreign priority benefits under Title 35, United States Code,§ 119 of any foreign application(s) for patent 
or inventor's certificate or of any PCT international application(s) designating at least one country other than the United 
States of America listed below and have identified below any foreign application(s) for patent or inventor's certificate or 
any PCT international application(s) designating at least one country other than the United States of America filed by me 
on the same subject matter having a filing date before that of the application(s) of which priority is claimed: 

PRIOR FOREIGN/PCT APPLICATION(S) AND ANY PRIORITY CLAIMS UNDER 35 U.S.C. 119: 

COUNTRY 

Europe 

APPLICATION NUMBER DATE OF FILING PRIORITY 

02079196.8 

DAY, MONTH, YEAR CLAIMED UNDER 
35 USC 119 

8 October 2002 YES 

U.S. DEPARTMENT OF COMMERCE -Patent and Trademarks Office 
(July 1994) 

page 1 of 2 

Qualcomm Ex. 1002 
Page 109



Combined Declaration For Patent Application and Power of A~torney (Continued) I Attorneys Docket Number 
(includes Reference-to PCT International Appli~\ions) ~ . \. ~ PHNL021031 US I 

\ . POWER OF ATTORNEY: As a named inventor, I hereby appoint the following attomey(s) and/or agent(s) to prosecute this application and transact 
all business in the Patent and Trademark Office connected therewith. (List name and registration number) 

?- Jack E. Haken, Reg. No. 26,902 Direct Telephone Calls to: 

Michael E. Marion, Reg. No. 32, 266 (name and telephone number) 

Edward M. Blocker, Reg. No. J.0.,2A5.. (914)332-0222 

b-::> 
FULL NAME OF FAMILY NAME FIRST GIVEN NAME SECOND GIVEN NAME 

~ INVENTOR RADULESCU Andrei 
201 RESIDENCE & CITY STATE OR FOREIGN COUNTRY COUNTRY OF CITIZENSHIP 

CITIZENSHIP Eindhoven The Netherlands f.J~K Romania 
POST OFFICE POST OFFICE ADDRESS CITY STATE & ZIP CODE/COUNTRY 
ADDRESS Prof. Holstlaan 6 5656 AA Eindhoven The Netherlands 

JeP FULL NAME OF FAMILY NAME FIRST GIVEN NAME SECOND GIVEN NAME 
INVENTOR GOOSSENS Kees Gerard Willem 

202 RESIDENCE & 1..,11Y STATE oR FOREIGN couNT,JL .. x 1..,uuN 1 ", ur \JI 1 1L.c:,..,.0nlP 
CITIZENSHIP Eindhoven The Netherlands The Netherlands 
POST OFFICE POST OFFICE ADDRESS CITY STATE & ZIP CODE/COUNTRY 
ADDRESS Prof. Holstlaan 6 5656 AA Eindhoven The Netherlands 

I hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and belief are believed to be 
true: and further that these statements were made with the knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under section 1001 if Title 18 of the United states Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 

SIGNATURE OF INVENTOR 201 

nl./1 

DATE 
Cl> M:ly a:xJ4 

SIGNATURE OF INVENTOR 202 

~~ 
DATE 

CX>M:ly XX)!i. 

U.S. DEPARTMENT OF COMMERCE- Patent and Trademarks Office 

(July 1994) 

page 2 of 2 

Qualcomm Ex. 1002 
Page 110



10/530?67 
JCCiRec'dPCT/PTO O 5 APR 200j 

PTO/SB/96 (08-03) 
Approved for use through 07/31/2006. 0MB 0651-0031 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Pa erwork Reduction Act of 1995, no ersons are re uired to res ond to a collection of information unless it dis la s a valid 0MB control number. 

STATEMENT UNDER 37 CFR 3.73(b) 

Applicant/Patent Owner: Koninklijke Philips Electronics N.V. 

Application No./Patent No.: ~C""o""n.::.;cu::.:cr.:..:re:.:..n:.actly.__ ____ Filed/Issue Date: _C_o_n_c_ur_re_n_tl~y _____________ _ 

Entitled: INTEGRATED CIRCUIT AND METHOD FOR ESTABLISHING TRANSACTIONS 

.:..K.:.;:o""'n.:;.in::.:k_.lij:,a;ke:;..:...P'""hi""lipc:.:s'-"E::lcoe.::.;ct~ro:.:.n"'ics=-:N"".""V..:... ________ , a corporation 
(Name of Assignee) (Type of Assignee, e.g., corporation, partnership, university, government agency. etc.) 

states that it is: 
1. El the assignee of the entire right, title, and interest: or 

2. D an assignee of less than the entire right, title and interest. 
The extent (by percentage) of its ownership interest is----% 

in the patent application/patent identified above by virtue of either: 

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

attached. 

OR 

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

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

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

3. From: ________________ To: ____________________ _ 

The document was recorded in the United States Patent and Trademark Office at 
Reel _____ _, Frame ______ _. or for which a copy thereof is attached. 

] Additional documents in the chain of title are listed on a supplemental sheet. 

] Copies of assignments or other documents in the chain of title are attached.· 
[NOTE: A separate copy (i.e., the original assignment document or a true copy of the original document) 
must be submitted to Assignment Division in accordance with 37 CFR Part 3, if the assignment is to be 
recorded in the records of the USPTO. See MPEP 302.08] 

The undersigned (whose title is supplied below) is authorized to act on behalf of the assignee. -?z ,..1 t-,r o ~ DAVID BARNES, REG. 47,407 

Date 

(914) 333-9693 

Telephone number 

Corporate Counsel 
Title 

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

If you need assistance in completing the form, ca/11-800-PTO-9199 and select option 2. 
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•y.:',I r/l' j: ·.: .. ) ·• • .. , ~-• , . , PTO/SB/80(11-04) Approved for use through 11130/2005. 0MB 0651-0035 
U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE Under the Paperwork Reduction Act or 1995. no persons are required to respond to a conecbon of infonnation unless it displays a valid 0MB control number. 

POWER OF ATTORNEY TO PROSECUTE APPLICATIONS BEFORE THE USPTO 
I hereby revoke all previous powers of attorney given in the application identified in the attached statement under 37 CFR 3.73/bl. 
I he,eby appoint: r 
!ill ;'"'""" ...... to,""" '"" <>•tot 2;{:) I 
□ Practitioner(&) named below (if more than ten patent practitioners are to be named, then a customer number must be used): 

Name Registration [11 Name Registration 
Number · Number 

~I 

I as attorney(s) or agent(s) to represent the undersigned before the United States Patent and Trademark Office (USPTO) in connection with any and all patent applications assigned .2D.!}: to the undersigned according to the USPTO assignment records or assignment documents attached to this fom, in accordance with 37 CFR 3. 73(b ). 

_Please change the correspondence address for the application identified in the attached statement under 37 CFR 3. 73(b) to: 

Ii] The address associated with Customer Number: I 24737 I OR 
LJ Finn or 

Individual Name 
Address 

City I State I Zip 
Country 

Telephone I Fax 

Assignee Name and Address: 

KONINKLIJKE PHILIPS ELECTRONICS N.V. 
Groenewoudseweg l 
5621 BA Eindhoven, The Netherlands 

A copy of this form, together with a statement under 37 CFR 3.73(b) (Form PTO/SB/96 or equivalent) Is required to be filed in each application In which this form Is used. The statement under 37 CFR 3.73(b) may be completed by one of the practitioners appointed in this form If the appointed practitioner Is authorized to act on behalf of the assignee, and must Identify the aDDlicatlon In which this Power of Attorney Is to be filed • 

• SIGNATURE of Asalgnee of Record 
~hose and itleJ.i suppli~ below is authorized to act on behalf of the assignee 

Signature /4 1 
., --~-- - -; .J1 Date 14 January 2005 ... -- - _...... 

Name - Michael E! Marion Telephone ( 914 ) 333-9637 
Trtle Authorized Representative 
This collectIon or mformabon Is required by 37 CFR 1.31, 1.32 and 1.33. The information is required to obtain or retain a benefit by the publle which Is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1. 14. This collection is estimated to take 3 minutes to complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of lime you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief lnfonnation Olfioer, 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: Commisaioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450. 

If you need assistance In completing the form. call 1-B0O-PT0-9199 and select option 2. 
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Application or Dock~t Number ' 
PATENT APPLICATION FEE DETERMINATION RECORD 

/{)/ozou,7 Effective December 8, 2004 

CLAIMS AS FILED - PART I 
I 

SMALL ENTITY OTHER THAN 
TYPE C=1 OR SMALL ENTITY 

(Column 1) (Column 2) 

U.S. NATIONAL STAGE FEES RATE FEE RATE FEE 

BASIC FEE SMALL ENT.=$ 150 LARGE ENT. = $ 300 BASIC FEE OR BASIC FEE ~~ 
EXAMINATION FEE Satisfies PCT Article 33(1)- AU other situations = 

EXAM. FEE ~Mav (4) = $ 50 / $ 100 $ 100 I$ 200 EXAM. FEE 

US. is ISA=$ 50/$ 100 
All olher situations = lj(l)~ SEARCH FEE All other countries = $ 250 I$ 500 

SEARCH FEE SEARCH FEE 

$200/$400 

FEE FOR EXTRA SPEC. PGS. minus 100 = /50 = X $ 125 = X $ 250 = 

TOTAL CHARGEABLE CLAIMS 7 minus 20 =. __, X$25= OR X$50= 

I 

INDEPENDENT CLAIMS I minus 3 =. X $100 = OR X $ 200 = 

' 
MULTIPLE DEPENDENT CLAIM PRESENT □ + $180 = OR + $ 360 = 
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CLAIMS AS AMENDED - PART II OTHER THAN 
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~ AMENDMENT PAID FOR FEE FEE 

w 
~ 
0 
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w 

Independent * *** X $100= OR X$200= 
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FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM □ + $180 = OR +$360= 

TOTALADDIT. OR TOTALADOIT. 

FEE FEE 

-

(Co_lumn 1) (Column2) (Column 3) 

Cl.AIMS HIGHEST ADDI- ADDI-
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FEE FEE 

~ AMENDMENT PAID FOR 

w - X$25= OR X$50= 
~ Total . Minus = 
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FEE FEE 
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10/530267 
JCiz Rec'dPCT/PT{) 0 5 APR. zoo, 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of 

ANDREI RADULESCU et al. 

Serial No. 

Filed: CONCURRENTLY 

Atty. Docket 

NL 021031 

Group Art Unit 

Ex. 

INTEGRATED CIRCUIT AND METHOD FOR ESTABLISHING TRANSACTIONS 

Commissioner for Patents 
Alexandria, VA 22313-1450 

PRELIMINARY AMENDMENT 

Sir: 

Prior to calculation of the filing fee and examination, please 

amend the above-identified application as follows: 

N:\UserPublic\Bames\PHNL\NL02 I 031 prelim.doc 1 
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1. 

IN THE CLAIMS 

Please amend the claims as follows: 

(original) Integrated circuit comprising a plurality of 

processing modules (M; I; S; T) and a network (N; RN) arranged for 

providing at least one connection between a first and at least one 

second module, 

wherein the at least one connection comprises a set of 

communication channels each having a set of connection properties, 

the connection properties of the different communication channels 

of said connection being adjustable independently, 

wherein said connection supports transactions comprising 

outgoing messages from the first module to the second module and/or 

return messages from the second module to the first module. 

2. (original) Integrated circuit according to claim 1, further 

comprising: 

at least one communication managing means (CM) for 

managing the communication between different modules; and 

at least one resource managing means (RM) for managing 

the resources of the network (N). 

N :\UserPublic\Bames\pHNL \N L02 I 031 prelim.doc 2 
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3. (original) Integrated circuit according to claim 2, wherein 

said first module (M; I) is adapted to issue a request 

(REQ) for a connection with at least one of said second modules to 

said communication managing means (CM), 

said communication managing means (CM) is adapted to 

forward said request (REQ) for a connection with communication 

channels each having a specific set of connection properties to 

said resource managing means (RM), 

said resource managing means (RM) is adapted to determine 

whether the requested connection based on said communication 

channels with said specific connection properties are available, 

and to respond the availability of the requested connection to said 

communication managing means (CM), 

wherein a connection between the first and second module 

is established based on the available properties of said 

communication channels of said connection. 

4. (currently amended) Integrated circuit according to claim 2---&r 

-3-, wherein 

said communication managing means (CM) is adapted to 

reject establishing a connection based on the available connection 

properties when the available connection properties are not 

N:\UserPublic\Bames\PHNL\NL021031 prelim.doc 3 
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sufficient to perform the requested connection between said first 

and second module (M, I, S, T). 

5. (currently amended) Integrated circuit according to claim 2-,--3-

er---4, wherein 

said communication managing means (CM) is adapted to 

request a reset of the connection between said first and second 

module(M, I, S, T), when said modules have successfully performed 

their transactions. 

6. (currently amended) Integrated circuit according to claim 2, 

3, 4 or 5, further comprising: 

at least one network interface means (NI), associated to 

each of said modules, for managing the communication between said 

modules and said network (N). 

7. (original) Method for exchanging messages in an integrated 

circuit comprising a plurality of modules, the messages between the 

modules being exchanged over connections via a network, 

wherein said connections comprises a set of communication 

channels each having a set of connection properties, any 

communication channel being independently configurable, 

N:\UserPublic\Bames\PHNL\NL02 l 031 prelim.doc 4 
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wherein said connection through the network supports 

transactions comprising outgoing messages from the first module to 

the second module and/or return messages from the second module to 

the first module. 

N:\UserPublic\Barnes\PHNL\NL021031 prelim.doc 5 
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wherein said connection through the network supports 

transactions comprising outgoing messages from the first module to 

the second module and/or return messages from the second module to 

the first module. 
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REMARKS 

The foregoing amendments to the claims were made solely to 

avoid filing the claims in the multiple dependent form so as to 

avoid the additional filing fee. 

The claims were not amended in order to address issues of 

patentability and Applicant respectfully reserves all rights he/she 

may have under the Doctrine of Equivalents. Applicant furthermore 

reserves his/her right to reintroduce subject matter deleted herein 

at a later time during the prosecution of this application or 

continuing applications. 

Respectfully submitted, 

By 
David Barnes, Reg. 47,407 

Attorney 

(914) 333-9693 
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REMARKS 

The foregoing amendments to the claims were made solely to 

avoid filing the claims in the multiple dependent form so as to 

avoid the additional filing fee. 

The claims were not amended in order to address issues of 

patentability and Applicant respectfully reserves all rights he/she 

may have under the Doctrine of Equivalents. Applicant furthermore 

reserves his/her right to reintroduce subject matter deleted herein 

at a later time during the prosecution of this application or 

continuing applications. 

Respectfully submitted, 

By ~ 
David Barnes, Reg. 47,407 
Attorney 
( 914) 333-9693 
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08.10.2002 Systems on silicon show a continuous increase in complexity due to the ever 
increasing need for implementing new features and improvements of existing 
functions. This is enabled by the increasing density with which components can be 
integrated on an integrated cinmit. At the same time the clock speed at which circuits 
are oporated tends to increase too. The higher clock speed in combination with the 
increased density of components has reduced the area which can operate 
synchronously within the same clock domain. This has created the need for a JllOdular 
approach. According to snch an approach the processing system comprises a plurality 
of relatively independent, complex modules. Jn conventional processing systems the 
systems modules usually communicate to each other via a bus. As the nmnber of 
modules increases however, this way of communication is no longer practical for the 
following xeasons. On the one hand the large number of modules forms a too high bus 
load. On the other hand the bus fonns a communication bottleneck as it enables only · 
one device to send data to the bus. A communication network fonns an effective way 
to ovBI'COnie these disadvantages. lhe communication network comprises a plurality 
of partly connected nodes. Mess~ges from a module are redirected by the nodes to one or more other nodes. To that end the message contprlses· first information indicative 
for the location of the addressedmodule(s) withm the netw-otk. The message may 
further include second infonnation indicative for a particular location within the 
moduJe. such as a mem.ozy, or a register address. The second information may invoke a particular response of the addressed module. · 

n is an object of the invention to provide an integrated circuit and a method; 
according to the introductory para~ which provides the modules thetein a 
telatively simple way of issuing messages. 

Ill Ol'der to achieve said object the integrated cireuit is characterized by the 
characterizing portion of claim 1. 

In the integrated circuit according to the inventiQn modules can issue m~ages .in a: 
· simple way, by using a single address. This makes it possible for a module to perform 

a write action to a particular memoiy ~ without being aware of the destination 
which comprises said address is stored. 
Jn this way the network appears to the model issuing the message as a bus. This 
makes it relatively simple to incorporate altead.y existing modules designed for a bus 
like architecture in en integrated circuit according to the invention. 

AB suoh, processing systems are~ where a processor is coupled via a bus to 
various memories, which each are mapped onto a ?eSpeotive portion of the total 
address l'tPlge. Bywa.y of example a ROM and a.RAM may be mapped to a :first and a 
second address range respectively. When the proces$or performs a read instruotion, 
the address in the :instruction defines at the smrw time which memory is selected to 
read the data .fi'oin. 
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ln sueh known processing systems each of the various modules, suoh as memories are 

directly coupled to the bus. In the integrated circuit according to the invention, · . . 

seleating one of the modules i:tnplies that the one or other memories are set in a state 

wherein they do not interfere with the bus traffic. Apart_ fron1. 1he memory that is • · 

addressed no other module i& Ieqllll'ed to perfonn an action (in iaot, they don't have to 

and don't need to know that another module is active -i.e. they don't have to be· ~set 

in a state'). or 2) that multiple concurrent and/or pipelined messages can be active 

simulmneously in the network as a whole. I:n an integnt.ted circuit according to the 

invention however, information issued by the active module is transferred as a 

message via one or more nodes of the network. As a consequence it follows a 

different route through the network depending on the address, This route is scheduled 

by the network. : 

Examples of the two pieces of infonnation that are arranged as a single address arc: 

Single logical memory i;pa.ce/mapl.range mapped to multiple distn"buted memories 

each with their own physical memory ranges. 

'Virtua1 memory space mapped to a single logical memory space (Qistrlbuted or not), 

Multiple memory spaces/maps/ranges mapped to multiple distributed memories.: for 

2) and 3) two translations may take place (vm -> logical -> physical, and multiple -> 

single ->physical). 

The integrated circuit of claim 3 and the method of claim 4 provide another way-of 

improving data transfer in an integrated circuit comprising a plurality of modules • 

OODDede~ by a network. 
Theoreticatly a transaction could comprise any number of outgoing and/or retum . 

messages. In.practice however a transaction is made up of one or two ou.tgoing , . · 

messages (from the first to the second module). and zero, one, or two return messages 

(from the second to the :first module). By managing the outgofag messages in a way 

different from the retam messagea the overall efficiency of the netwom: and the~with 

the integrat.ed circuit comprising the network is improved. This is further illustrated 

with the following embodiments. 

With reference to claim Sit is remarked that GT connections can overbook resources 

in some oases. For example, when an A.NIP opens a GT tead connection, it must 

resme slots for the read command messages. and for the tead data messages. The. 

ratio between the t\vo can be very large (e.g,, 1:100), which leads either to large slot 

tables, or bandwidth being wasted for the read COJllllland messages. In otder to 

prevent as much as pos!ll'ble that a reservation for guaranteed traffic would impede 

other transactions the bandwidth which can be reserved should be te$tricted. On the 

other band the best effort traffic may use any resources which are cummtly available: -

As a CQ11Sequence gu.arant.eed traffic has bounded. but on average higher latency than 

best-effort traffic which has no fixed upper bound, but is (or &h.01.ud be) faster on· 

mrerage. 
Based on this recognition it bas been fouw that the overall quality of the netw~k 

transport could be improved by exploiting BE packets for read command 

messages, and GT packets for read data messages. No guarantees can be offer.ed in 

this case, but the overall throughput can be higher and more stable than in the ease of 

using only BB packets. 
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Wi~ reference to claim 6 it is remarked that preferably the outgoing transactions are 
handled in a locally ordered and the retum transactions in a globally ordered 
transaction mode. The one or more adressed modules process the transactions in the 
onler they have been iss~ and the retum part of the transactions are all delivered to . · 
tbe first module in the order in which it initiated the transactions. Even if ordered 
channels are used, the responses .from different addressed modules (e.g., in a narrow 
cast connection) must be sorted at the first module. This kind of ordering oonfonus 
withAMBA 

To implement global ordering, transactions that are deliv:md, to different second 
modules (also refmred to as slave) must be ordered exactly as they were sent by the 
mst module (also referred to as master). This nieans that the network should either 
have a global time indicator, and use e.g. de~based scheduling in the network 
while in addition assumption on the coDSUmption time of the second models must be 
available. An alternatively way to introduce global ordering is to mtroduce explicit 
dependencies between. transactions. The latter can ba done by using 
acknowledged/tagged transaction$, where proof of delivery to the slave is sent back to 
1he master using an acknowledgement message. This solution, however, introduces 
extra latency because tnmsactions are sequcmtialised. with a rowid-trip delay/latency 
per uansaction, (send a message> wait for the acknowledgement, send next message, 
wait for next acknowledgement, etc.). By req_uiting only a local ordering for the . 
delivery oftbe outgoing transactions. the slaves, provided 1hat they are autonomous,; 
(which is usually the case} can execute measages independently. 

With ?eference to claim 7 it is remarked that in this way buffer space is used in: 
an efficient way. A particular example is an embodiment wherein a large baffer­
space Is resen-ed for the bnffer c,.ftlle network intet'f'ace coupled to an- active 
lD.Ddule, such as a module isning a read command, and a small buffer space is .: 
reserved for the buf'fer of the network interface coupled to a passive niodule, e.g. 
the one receiving the read message. 

In other situations 'dlere may be difi"eren.t types of :flow eont,:oJ (e.g. you never want 
to lose write eonu:nan~ bot don't mind losing read data). If a module can do both 
read and write COlDJllands, it may be important that write transactions always succeed 
(e.g.. when Writing to an interrupt controller). but that read transaotions are not critical 
because they can be retried (so the CMD of the read transaction is dropped and the 
read never executed, or the RETDATA is dropped aftet-the read has been executed. 
Another example is that if you know that writes always succeed if they are delivered, 
a .flow-controlled connection is requested, Acknowledgements are not necessary in 
that case; Without flow coutrol acknowledgements are compulsory. complicating the 
master and causing additional traffio, 

In the int.egrated circuit according to the invention the decision to drop messages or 
not is not decided per transaction but for the outgoing and retum parts of connection 
as a whole. For example all outgoing messages having the format reads+address or 
writes+address+data) may be guaranteed lossless, while for all retutn messages 
(whether read~ write acknowledgements) packets may be dropped. 

A connection could be opened as follows: 
conuid = open ( 
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no.fc/fc, 
outgoing unordered/local/global,, 
outgoing buffer siz~ 
retum unoroered/locaVglobal, 
retum buffer &12e); 

i.e. all outgoing messages have certain properties, and all retum messages have 
certam properties. 

08. I 0.2002. 

With reference to clai1n 8 it is remarlced that in a processing system with modules 
working asynchronously with respect to each other it is usual that a module receiving 

data issues an aclm.owledge signal to inform the issaing processor that it has received 

a message. In case tbat a message is multicast a plurality of said acknowledge signals 

is generated, which imposes a burden for the issuing processor. In the integrated . 

circuit of the invention the first module receives only a single message, which reduces 

this burden. nus measure is based on the insight that the uetwm:k usually can . 

relatively easily generate the single return message in response to the plurality of 

aoknowledge messages of the second modulea as a side eff'eet of the fuJlctioJJs aJready 

present in the netwotk for other pmposes. 

With :reference to olaiin 9: Depending on the situation the single tetum message can 

depend on the acknowled messages in various ways. Th8 eQlbodiment of claim 2 is 

favorable where the addressed second modules are memories, and the .first m.odule 

·attempts to store data therein. In that oase it is sufficient that only one copy of the data 

is really received and stoNCL · · - - -

With reference to claim 10: In other situations it is compulsmy that each of the 

addressed second mod.Ules has received the data. In 1he embodiment of claim 10 the 

single return message is not genei:ated until this is the case. 

Otherwise the retumn message could be combined as follows. 
If each of the write uansaction has been successfully executed by all slaves. all will 

return RBTSTAT=RETOK, which osn be combined by 
the ANIP in a single message to be delivered to the master. 

If the write traosaction has been successfully executed only by some slaves, th.are 

will be a mix of RETSTATs (RETOK and RBTBR.ROR). They can-either be 

combined into . 
(a) a single RBTSTAT~RBTBRROR, to specify that an enor occured, or 

(b) a single RBTSTAT, but a larger one, more descriptive, e.ncoding 
where there have been errors. All RETSTATs can be bundled together 
jn a single RBTSTAT for the master, or <sla.ve identifiets,error wde:> 

pail's can be bundled to fonn a single RBTSTAT for the master. 

If the connection has no flow control, messages can be dropped 

at the PNIPs, resulting also in RBTSTAT=RETLOST messages. Again, combinations 

as those above can be made. 
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With referem:e to claim 11: In this way it is guamnteed that the first module always 
receives a response to a transaction, even.if the connection has no flow cpntrol (i.e .. 
data may be dropped). This is done by only dropping data in the PNJP (the network 
blterface coupled to the second, receiving module), and returnmg a FAIL/ERROR to 
the AN1P (The network interlace coupled to the first modnle). This retom status 
(RBTSTAT) message will never be dropped because the ANIP that initiated the 
ttansaction will reserve space for retmn messages of eveey transaction that it :initiates. 
This combination of reserving space and genemting an e?ror message whenever a 
message is dropped is a way to inlroduce flow control Preferably the RETSTAT 
message is generated by the interface of the receiving module., although alternatively 
it could be generated at the intermediaiy network nodes too. 
The method according to the invention guarantees transaction completion, i.e..it is 
al.ways known whether an initiated transaction · 
{a) was delivered and executed successfiilly at the slave (RETSTAT=O.K. produced by 
the slave), or 
(b) was never delivered at the slave (RBTSTAT=RBQLOST produced by the PNn1). 
or 
(c) was delivered at the slave. but not successfully execumd (RBTSTAT=BRROR 
produced by the slave), or 
(d) was delivered. and executed successfully at the slav~ but the response message was 
dropped (RBTSTA'l'=RBTLOST produced by the ANIP). 
This is achieved by either 
(i) not dropping messages (flow..controlled cannection), in this case RBTSTAT is 
either OK or ERROR, or 
(ii) by allowing messages to be dropped (on a connection without flow control),. but 
generating a RBSTAT (RBQLOST or RBTLOS'I) whenever the message is dropped,. · 
or a RBTOK or RBTBRROR as usual when the message is not dropped. 

It is essential however, never to drop RETSTATs. because tms completes the 
transaction. This is realized in that a buffer fer the. RBTSTAT is located at the master's 
ANIP. The latter reserves space forRBTSTATs when initiating transactions, and 
bounds· the number of outstanding transactions (for .finite sized RBTSTAT buffers), 

The flow control on the outgoing and return connections is in prlDclple independent. 
Thus» for outgoing flow control & retu:rn flow control, the RETSTAT message is 
according to a) or c) above . 
In case of outgoing :flow control & no return flow control, the RETSTAT message is 
a) or c) or d) above. 
In case of no outgoing flow control & retum flow controi the RBTSTAT message is 
a) orb} ore) abotte. 

Other embodimen~ are suoh an integrated circuit wherein the retum message is a 
message indicating whether the second module has received a message from the first 
module. In this embodiment the :retum message can be very compac; e.g .. one or two 
bits to indicate one of the four options deacn"bed above. 
Alternatively or in addition a retum message comprises an identification. of the 
message received by the second module. 

Page: 7 
1. I SDggellt ''efficiency'' instead or "perfomlllDCO", t,ecause performanct is just one of the 

Qualcomm Ex. 1002 
Page 127



r,v. J.~ r. J.c;.,;:;,.1.. 

PBNL021001BPP 
012 08.10.2002 18~05:4 

08.10.2002 
:mctDIS. We may have the op&n to reduce the ccst of the netwolk (e.g.1 ~ buffer sizes). or 
increase the performance ( e.g,. by adding more connections for tbs same resources). 
Page:8 

2. This is an example for tbtl use of difi'emit propediea for outgoing and return parts. H.owaver, 
mom can be dBfi:Jted: 
-./ .Aelmowledged writ.o transaction: write command -t ontgoing data 'l.1Se guatauteed throughput 

(IUOde one in your example), and acknowledgment tl8eS best effori (mode two m ymB" example) 
Moreover, excepttiine-related guaiamees, there fa also a distm,ctiou on the buffering Jn both you end 
the above example. For data messages there is potentially more buffering allocated tllan w cornrnands 
and acbowledgments. Consequently, for a read tnmsaction (your example) buffers for the ietutn part 
would be larger than those for the outgoing part, For the aclalowledged write (the examplet 11bove), 
buffers fur !he outsoing:Part are larger, and 1ho:;e tar acknowledgmmrts are smaller. 
Page: 8 
3. · It is indee4 pOS&iblc to allocate differem bandwidths q.s you suggest. However. thete are also 
limitations. We use a slot table, which contains a number of slots in a time wmdow. Bandwidth is 
reserved allocating these &lots to comiections. For~ if we use a tattle with 100 slots fur a time 
frame of lps, eadulot'Will be allocated fur 1/100 from lps = lOns. If the uetworkpmvides lGb/s per 
link, the b.amlwidth per $lot will bo 1/100 from lObs "" 1 OMbl,, We cm only allocate nmltipte of 
lOMb/sfur ~d thmughput1mfl'ic. 
For a read command generating lOJ1g bmml;. allocatiDg1hf'! mini:mwn "handwidthoflOMb/s WOlJld be 
probably to much, as ii will use only a small 1iaction of ft. The bandwidth can mdeed be used bybest­
cff'ort tmffic. however, not by other guarantaed tbroughputuafflc. As a result, not all~ tJa1lic for 
whieb ~es ate needed may fit iD the slot table. 
AD alternative is to use DlOl'O slots, b\lS tmli increases 1be cost of the ranter. This is why. a best effort 
command qy be a better solution. 
Pago: 8 
4. Thisdefinitionisgoodforoutgomgmessages,astbereisouesomce{ANJP).mdpotentia.lly. - - - - --
multiple destinations (P~). However, forretum JllellSages, we defins global/local ordering as· 
follows. Global orderl1lg means that .responses from an PNlPs/slaves (Le. sources ·of messages iD this 
case) comm tlae same order as the mmsactions haw been mirlatsd (i.e., the sm= order as the 
commands have been issued by the master to the ANIP). Local ardemg guamntees i:be order of 
respcmse only if they come ftom the same slave/PNIP. 
5-Page:8 

Slave modules 
.Page: 8 
6. ·We can. only guarantee tbe ord« we offer transactions to the slave module, but tbe OJder of 
processing depCJJds on the modnle :implemel!Wion. It cm well decide to process trQllSactions in a 
different otder (e.g .. memory commller). For ordering we im1y require the respomes are reairiied iD 
the same order as the tnmsactiom were accepted. 
Page: 8 
7. This is only~ for global oJdering. For local ordering (Le., order preserved only per slave), 
il' ordexed transport channels are used, no sortmg is necesss:cy, . · 
Page: S 
8. Global ordering of ieSpouses confotms with AMBA. Local grdering of responses does not. 
Page: 8 

· - · 9. · · I think Kees meant write mnsactions 1;11aybe critical and we don.'t want to loose them. but 
read ~actions can be lost, because they can be tried later. See example below in the text. 
Page: 8 
10. The two co~ (i.e., read and write) can indeed be Jent from the IIIUlW module. Ifwe !let 
up a COD!lecriou ,vitb flow control for tu outgoing paxt both commands will be delivered. However, if 
tbe retumpartlm no flow c:omro]. the responses for read Cbmmands may be Iost. In such a~. wi 
.ead mmsactions Will fail. I thlDk Kees miant read l:mn!lactions being lost, not read commands being 
lost. 
Page:8 
l l, fc = fiow ccmnol, uofc ""no flow colffl'Ol 
Poge:8 
12. Buffer is re$eived only fur a r:etum status messqgo. snch as ;m acknowledgment. or an error 
message. Buffer can be. bnt :is not BeCeSsaril.y reserved ahio for retumed data. 
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Pagai 8 
13. Data can also be dropped at the ANlP (i.e., RBTDATA) when no flow comrol is imp~ for the return part. In sneh a case, s .RBTSTAT=RE'I'LOST will replace the RETSTAT=RETOK which accompanied the dropped RBTDATA. 
Page: 8 
14. Hasres~ed 
Page: 8 
15. Yes, this fs tnie. Between routers. tbere is always link 18\'191 flow cmmol zmd no dam is never lost Data can be lost only in the network inti.'daces, ffno e:nd-1o-end flow comrol (hem-termed simply as flow contmI) is imp~ 'I'llerefom, .here, messages teadi the mIP even whf:nno (em-­to-end) flow control is in)plemented. 

'Ihese and other aspects IU'8 descn"bed in more detail in the following three annexes 
1, ColDIJ1Wlioation Semces for Networks on Chip, pages 1-25 by Andrei 
R.Mulescu and Kees Goossens;· 
Further background iDfozmation us~ for nnplementing the invention can be found 
at: 
2. Networlcs on Silicon: Blessing or Nightmare? pp 1-5. by Paul Wielage and 
Kees Goossen,;, (published), and 
3. Trade-Offs in the Design of a Router with Combined Guaranteed and Best­
Bffort Semces for Networks on Chip. pp 1-6, by Edwm.Rijpkema. Kees Goossens, 
.Andrei Radulescu, Jef vanMeerbergen., and Paul Wielage, submitted to and rejected 
by ISSS20O2. 
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I. Introduction 

Net\Vorlal on chip {NoC) have received considerable attention +2Cently 

llS a solution to au, interconnect problem in higbly-complex chips [3-5, 7-

9, 15, 19, 22]. The reason is twofold. Pirst. NoCs help resolve the Blectri" 

oat problems In new deep-&ubmicron reclmologies, as they stiucture and 

m8l1lge glpbal wi?es [3-Sp 7 p8]. At. the same time they share~ lower­

big their l:!lllilber and mctealllll8 their utili2ation [7, 8]. NoCa can Qlso be 

eneigy efficient and reliable [41 BJid are scalable compared to buses I9l• 
Second, NoCs also decouple COIQ:,pUtati.on :tttllJl communkatio.n, which is 

essential in managing the design ofhillion-!z.uuiistor chips [14. 22J. NoCs 

acbieve this decoupling because they are tmditlonally ~ using pro .. 

tocol stacks [21], which provide well-de6ned ~s separating com­

municati011 servk.e usage !tom 11ervi.ce implementation [5,22}. 

U~g netwnrksforon,.chip communication when dllsigning systems on 

chip (SoC), however. raise, a munber of m,w issues that must be taken 

Into accourit. This is because. in contrast t0 Qisting on-chip interconnects 

(e.g., buees, mtdtes. or pomt>-to,.poim wires), where tbB tlOtnD1Dllicating 

modules iue directly comiected. in a Noc the module" commnnicatP. :re­

motaly via netwoik nodes. NJ a result. intetoonnect arbitration chsngea 

from cen1Zali%ed to distti*d. and i$Sn.es like om-of order tnpisactions_ 

higher latencies. Slid end~to-end flow comml must be handled either by 

the intell~ property block (IP) or by the netwoik itself. 

Most o£tbese topiC$ have been already the subject of:researehin tho field 

of compUternetworks [24] and parallel machine interconnect netwolks [6J. 

Rowever, on4lip uetwork&bave different properties (e.g •• tighter link syn­

chromz:ation) and ccmstraims (e.g., higher memcny cost) leading to diffei.. 

em design choices. which in the end affect the netW0fk services. 

~ this paper, we compare Noes and off-chip netwolks !lhowing both 

their similarities and diffl:nmces. We al!!o explore the differences between 

NoCs aull existing on-Chip interconIJeets. We list new isi;ues that must be 

resolved in sysreni design due ro the multi-hop nature ofNoCs. and present 

an in:tedace·wbich ~ these issues into consideratioll. Our interface are 

aiXJ1ed at being siini1ar to a split-tranaaction bus intmiace, 6Uch as VCI [2SJ 

or OCP [17J. to allow simple, Jow~cost wr,i:ppers to bus intenaces, and 

to allow baekward co~ wirh existing IPs. Our interfaca uses a 
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request-response protocol that provides basic ~ and write opemtions, 
But our interface e.xmnds bus i~ to fully exploit the power of our 
NoC [8, 19. 20]. Far example. it offers comi.ection-based communication 
where end-to-end flow control and time-related guar.mtees (e.g .• bound&d 
Iateucy) can be requested. 

The paperi$ mpnized as follows. In the next two secti.OIIS we c.ompam 
Noca properties with those of off-chip netwom and bllses, re~ly. 
ID Section N~ v,,e preseilt the services wa offer in om network. Fi1ially, we 
present our c:onclusicm& 

D. ).\letf;urks Brought OD Chip 

Networks havo been the S\lbject of research for detlades, both in the 
contea: of local !Wlwide mea networks (computer .uetworkB) [24J. and as 
anmtercmmectforparallelnwibiues [6J. Bath an:vctym-qchtelatedto Qn­
chip networb, and many of Che results ill those fields are also applicabl& 
on c.hip. However, NoC•11 premises am diJferem from oft'-cbip netwolke. 
and, therefore, most of the network desigA choices must be reevaluated. 

NoCs diffi:r from off-chip netwmks mainly in their consaaims and syn­
chronization. 'fypieally, most on-chfp resources ba"8 much tighter con­
straints compa:ied to off-chip. Storage (i.e., ~) and computation re­
aources life relatively mon: c:xpensrve, whereas the number of point-to­
poil)t links is wger on chip tfuul off cbip [7]. 

Storage is expensive, booause generlll-puq,oae on-chip n1emo:y. such as 
RA.Ms. oceupy a Imge area. Having the=mcny distributed in the JICtWOtk 
componentg in te1atively small sizes is even womc, as tho of overhead area 
in the memory ttien beconl£S dommant. 

A$) COlllJJ\itatiOn for on-dlip networlQI comes at a relapwly high oost 
compared to off-ohip networlcs. An off..chip network interlace usually con­
tains a dedicated processar to implement the protocol stack up to :network 
layer or even higher. to oft'-load the host processor from the comJnllllica· 
tfon processing. l'ncludiIJg a dedicared processor Jn a netwotk interlhce is 
not feaai"btc on obip. as the size ofthenenvozk intemce will becouie oom­
parab?o to or wgertban the IP to be connected to the~ Mmeover, 
running the protocol siack on the U' itself may also be not feasible, be-
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QUSe often these IPs have one dedicated fimction only, and do not have 
the capabilities ID run a network protocol stadc. 

The number of witcs and pins to connect network components is an 
order of magnitude Iatger on chip than off chip [7]. lf they ate not used 
massively for other purposes than NoC, 1hey allow wide point•~point in-
1ercomied$ (e.g.1 300-bit Jmla;) [7. lSJ. This is not possible o.ff-chip, where 

links aie telatively narrower. 8-16 bi1B. 
On-chip wires are also relatively short. allOMng a Jllllch tighter syn,­

ohronizatton than off chip, ThiS allows a redaction in tho bmfer space in 

tbe iouters because the communication can be done at a smaller gi:anu.­
larity. In the current semicorumctor technologies, 'IViies are also fast and 
reliable, which allows simpler link-layer protocols (e.g .• no need for er­

ror con-eetion, or ~n). This also compensates for the Jack of 
memoiy and computatiollal rosout0es. 

In the rest of the sec;tton. we lii;t :five netwmk issues that have I\ diTCCt 
hnpact on the NoC cost: reliable cotllm>ltlicatiou, deadlock, data ordering. 

netwOlJ< flow cxmuol and buff'ering strategy. and time-related guarantees. 
For eaeh of them, we discuss the clliferenees and similarities for cm- and 
off--ohip networks. 

Reliable co~tiOn, A ccm.sequence of the tight on-chip re,. 

source COJlmaim8 is that the netwotk camponantH (i.e., routen and net­

wml? interfaces) must be fairly simple to~ computaticm and me:m­
oryieq,uiremems. Luckily, on-obip wires provide a reliable cornmunic!\fion 
medium. which a.voids the c~le overhead inc.mred by the aff-ohip 
networks for providing reliable communication. Data inr.egrity can. be~ 

vidtd at tow oost at the data link layer. However. data loss also depends 
on the netwOrk architecture, as in most computer networks data is !lim­
ply dropped if conge•n occurs in the network [o.24]. Qn..chip. dropping 
data may lead to a too costly implementation of reliable comn:mnir.arion 
We show below that a neiworkwhereno data ~dropped cap lead to a mucb 

towei--cost solUtiOD, at the.peril ofintrodtu:ing the possibility of deadlock. 

Deadlock. Computer network topologies !lave genmlly an irregular 

(possibly dynamic) stmcture and bidirecuonal links, which can introduce 

lruffcr eycles, In snch topOlogies, packet dropping at the Jletworlc 110~ 

08.10.2002 

Qualcomm Ex. 1002 
Page 132



b.~1 .~ J.D•DO rnJ.1....1.-:> ~.Lr 1,i_ T.:JJ. Gl!J c.,q,:i"IC:, • l'IV • .l.O::) 

._ .PHNL021031EPP 02Q 08.10.2002 18:08:39 

COMMVNJCATION ~ FORNOCS s 
may be required r.o avoid deadlocks. 

Deadlock can also be avoided without dropping data. for example. by 
intfoduomg COQStiaints either in the topology or routing. Fat-tree ropolo­
gies have already been considered tor NoCs, where deadlock is avoided by 
bouncing back packeti; In the network in case of overilow [9]. Til~ 
appmaches ro system design [7, 15,23) use mesh ortmusnetworktopolo­
gie$. where&:adlock can be avoided11Sfng. for example, a tum-model rout­
ing algorithm [6]. 

Analmmative solution for deadlock in NoCs, which tabs into ccnsider­
ation that D10dules connecting tow network me eithe:r masters (initiating 
requests and ieceivingrespOJJSes). or slaves (teeeiving ~ and send­
:iJ:ig back~s). is to maintain separate virtual networks (with separate 
buffers) for requests mid iesponses [6]. 

Data ordering. In a ~ data sem from a source to a d~ 
tion may mriw out of order due to reonfering in netwark nodes. following 
di:ffi:rem routes. or retransmission after drupping. For off'~ networks 
om-of-order data delivery Is typical However. for NoCs where IJO data i$ 
dropped, 4al;a cmt be fmced to follow the same path betweeJi a souice =4 
a. destination (detennimstio routing} with 210 r~ordering. This in-order data 
transportation requires less buffer space, and reordering madulss &e no 
longer necessary. 

Network flow eGllh-ol and bdering i;tratcgy. Network flow con­
trol and ~ mategy bve a direct itnpaet on the memory utiliza­
tion in the netwOlk. Wonnhole ~iig requires oa1y a flit buffer in the 
router, whereas store-mid-forward and virtual-cut-tmongh rouring require 
at least the buffer space to accommodate a packet. Come~ an chip. 
vronnlwle ro~ may be preferred over virtual-cut-through or stme-and­
forward routing. Similarly. input queuing may be a lower memmy-cost sJ.. 
temative to virtual-o~ueuing or output,.queuing buftemis s~ 
because it has fewer queues. Dedicatedfifomemory structures at a low co&t 
also enable au-chip usage of wtual.(lllt-throush roating or virtual output 
qaeuing for a better pcrfmmanco [19]. Howt:Ver, using virtual~gh 
rou1ing and virtual output queuing at the same lime is still too costly [19]. 
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Figure 1. A netwprk 
interconnect example 

Figme 2. A bus 
mterooimact e.u,nple 

Time.-rolated guarantees. Off-chip .netwOtks typically use packet 
switcblng and offer best-effort semcM- Conr.ention cau occur at each net­
worlc110de,Dlaking latm1cy ~ees vr:zy hard to off'er, 'lbrougbputgulll'­
anteea can &till. be offered using schemes such aa rate-based switching [26J 
or deadline-based packet switching [18], but with high bufferlug costs. 

A1J altemative to provide such time-relawd gua:ra:nl:ees is to use time­
division multiple access {TDMA) eircnits, where evt:rt circuii is dedicawl 

to a network connec:tion. CimJits provide guarantees at a mlatively low 
memory end computation collt. Nemrork resource 11tili2ation is increased 
whBll the network aicl\itecture allows any left-over-~ed bandwidth 
to be used by best-effbrt communication [19.19, 20]. 

DL Prom 1ms06 to NoCs 

Introdncillg JJetWOrltS (Figor& 1) as OD-Chip iitter~ radically 
changes the communication when compami to direct interconnects, !iUOh 
as buses or switches (Fig"llffl 2). Thil ls because of the multi-hop nature 
of a network, where COlDJJlUIU(711tiOD modulGs 111"6 uot directly COJJDeCted. 
but separated by one or more netwOJk nodes. This is in contR5t with the 
prewlent existing imercmmecm (i.e •• buses) where modules are directly 
CQI!Dected. The implioati~ or this change reside in ihc arbitmtian (which 
must change from c:emralized to distributed), &:id in the oommumcation 
pmpertics (e.g •• ordBnng, ttt flow COlllml). 
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In this section, we list SorJle ot these topics, md outliue the diff'ei-­
ences of NoCs and busea. We refer mafnly to buses as direct intercon­
naers. because ounentty they are the~used on-chi~ :inteieolUl8Ct..Most 
of the bus charactermics also hold for other direct intemonneets (e.g.. 
switche.s (16]). Mulrileyel buses are a hybrid be;wcen buaea and NoCs. 
Depending on the functionality ofthe bridges, for our purposes_ multilevel 
buses either behaw like simple buses [2] er like NoCs. 

· l'rogramming Model The ~ model of a bus typically 
consist, of load and store operations wbieh are implememed as a se­
quence of prlmltive bus transactions. Bus lntermces typically have dedi­
cated groups ofwlros for earnn:u•ru:l, addte&s, write dam. andresd data [I. 
12.13,17,25). 

A bus Js a resowce &bated by multiple 11'.s. Tb.~. before using ii; 
IPs imist go through an o.rbitmtion phase. where they request access to the 
bu!I, and block until the b~ is granted t.o them. 

A bWi tr.msaotion mvolvea a tequest and possil>ly a respanse. Modules 
issuing request$ are called mast.em, 1111d those serving req~ are called 
slaves. If there is a single amittation for a pair of request-response. the 
bus is caJlednon-splir. In this case, lhe bus remains allocated to tho masu:r 
of the ~ UDtil the response is delivered, even when this takes a 
kmg time. A!tematively. in a split bQ.s, the bus is released after the request 
to allow transaarlons from difFetem: masr.ers to be initiated.. However, a 
iie\111' arl>ilration must be pedonned tw the tesponse suoh that the slave can 
access the bus [11]. · 

For both split and non-t1plit buses. both communication parties· have di­
n:ct anti immediate access to the SUltD,!I of the transaction. In COll1maf. net­
work transactions are one-way transfers from an outpl# buffer at tho SOUJC& 
to an input lmffer at the destination that cause:& some action at the deslina­
tion, the ocaurence ofwhicli is-notvisi"ble at the soui-co-[6]. The eff'ects of · 
a nawork tranS8Ction arc observable only mrcmgh additional transacdons. 
A request-response type of operation is still possibl8, but requires at least 
two distinct network tnmsac:tions. Thus, a bu-like ~ in a NoC 
will cssemially be a split ll'IIDSaCtion. 
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Transaction Ordering. 1iaditio.nally. on a bus all tiausaci:iims are 

ordered (cf. Peripheral VCI [2S], AMBA [11 or CoreCormect PLB and 

OPB [12, 13D. This is possible at e. low CO$t, becau:ic the inr.erconnect., 

being a direct lillk berweea the COIUmlWealilig parties, dOeS uot reorder 

of data. However, on a split bus, a total ordering of tranauetiom on a sin" 

gle master may still cause perfo;mance peaalties, wrum. alaves re~ond at 

diifetent speeds. 'I\> solve tlRS pioblem, recent ~nsions to bus prowcols 

allow transactions to be pe.rfonned on c:onnections. Ordering of trrmsac-­

tions within e. connection is still preserved. but between connectio~ tbeie 

ate no Ol'dering ccmstraints (e,g.. OCP [17), or Basic VCI [25]). A few of 

the bus protocola allow out-of-order responses per connection in their ad­

vanced modes (e.g,, AdvfQiced VCI [25)), but both te(IUGStS auct teSpcmses 

mive at !he destinatiim iD the same order as 1hey were sent. 

ln a NoC. ordering becomes weaker. Global ordering can only be pro­

vided at a wey hlgh cost d~ to the confiiat between the distributed nature 

of the networks, a:od the ~ent of a cei:itrali2ed adJitmti011 ~ecessaiy 

for global ordering. 
Even local orderfug. betWeeJt a s~estmatian pair, may be coistl-Y. 

Data may amve out of order if it ls tnnsported over multiple routes. In 

such cases. to still achicw an in..ord.er dellve11. data must be labeled with 

~e1iwibeni and Teordered at the destination before being delivered. 

Atomic Cludns of Transactiom. An atomic chain of transactions is 

a sequenco of i:ransactions initi,m:d by II single master that is txflcured on 

a single slave exclusively. That is, other m~ ai-e denied acx:esa to tbat 

slave. once the first transaction in tho chain claimed it, This mechallfsm is 

widely used to impl8Dletl.fS synclnoni2alion mecb<mims betWeen IIUISter 

modules (e.g., ~res). 
On a bus. atomic operations can eaaDy be implemented, as the central 

arbiter will either (a) lock the buS for e,cclusiw use by the tnaatet tequest­

ing the atomic chain. or (b) know not to grant ai:cess to a locked slave. 

In the forrnu ~-the time~ a:te looked is shartet becauae once 

a mastm- baa been granted access to a bus, it can quickly perform all tho 

transa~ in the chain (:i10 arbitration. delay is required for the imbsequent 

mmsa0tions in tb.e chain). Consequently, the locked slave and the bus can 

be opened up again in a sbart tiUle. This ll!)prollch iii used in AMB.A, and 
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CoreComtect. In the latter~ tbe bus is not locked, and can still be used 
by other modules. howe~ at the price of a longer locking time of the 
slave. This approached is used fn VCI and OCP, 

In a NoC, where the arbi.tmtinn is distaOU18d, mastelli do not know that 
a slave is Jocked. Thercf'ON, tranaaetions to a locked slaved may .still be 
initiated, even though the locked slave casmot accept them. Consequently. 
to prevent ~ lhese other tnmaBCtions ~ be either dtopped, Ol' 
stored soch that tnmsactioas in the atol12ic chain can be filfered and still be 
served. Moreowr, the time a module is Iocbd is much longer in case of 
Noes, bewl.use oftbe higher 1atencyper ~-

Deadlock. m buses, the deadlocb are iiot g=erally an issue. Dead­
lock can. still occur at tho am,licaiioJl Jewl (e.g., an atomic chain of trans­
action& that locks the bus. which is never finished), but it is not caused by the intercomlect {qelf, . 

In a network, deadlock becomes a more importam fsSQe, and speci.Gl 
care has to be taken in the network de,ign to avoid deadlock. Deadlock is 
mainly caused by cycles in the buffers. To avoid deadlock, either network 
~ must drop padcets wllen their bmfer me filled. or routing must be 
cycli,.:fi::ee. In a NoC. we beliew the latter is pnm:rable, because of its 
lower cost in achievmg r:eliable communlca.1ion (see Section D). 

A second cause of deadlock am momic chams of transactions. The rea­
flOil is that w.bile a modlde is tacted, the queues 9tOring transactions n:iay 
get filled With ~ous oUtaide the atomio r:ra:usactio11 chain~ btockiJig 
the access. of the tnmsaation in the che.in to reach the locked module. 1f 
atot4ic transaction CMi;is must be implemODMd (to be COinpatible with 
proceasors allowing this, such as MIPS). the network nodes shmud be able 
to filter the transactions in the atomic ehain, or be allowed to drop those 
blocking thmn. 

Media Arbitration. An impommt diftemu:e betvfeen buses aJJd 
Noes is in the media arbitration scheme. In a bas. master modules m- · 
quest acces::i 1IO tho iJ11mconnect. and the arbit.cr grants the access for the 
whole ~tat anc;o. AlbiJrlltiOII i$ r.:entralized as there is only one 
arbiter comp~ and global u ll11 the iequests as well as the~ ot'tbc 
interccmtect ue visi"ble m the arbit.er. Moreover. when a grant is siven. the 
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complete path from the som,:e to the destination is exclusively reserved 

In a non'<llplit bus, arbiuation takes place once when a uansaction is 

initiated. As a result, the bus is gniDted for both request and response. In a 

11Plit bus. request.S and respmlSes c11'e arbitrated seplU'lttely. 

In e. NoC arbitratum is also necessary, es it ia a shared interconnect. 
However, in conttast to bmes, the arbitration Is dl9tt1buted. because it is 

p!Jfomied in ewery router, and is based only on laCRI infmmation. .Ami­
~tion of the COlJJD11Jnicatfn resources (links, buft'er3) is perlmmed incre­

mentally as then:~ or response advances [19]. 

Destmation Name and Routing. For a bu~ the command. address. 
and data are broadcQSwd OD lhe interconnect, They mrive at every deatina­
tion, ofwhioh one activates based on the broadaaated address, and executes 

the requested con:nnaud. This is possible because all modules are directly 
cannected TO the sama bus. 

Ju a NoC. it is not feasiblt 10 broadcast illfomtation to all destinations. 
because ii nmst be copied to all rautezs aJ\dnetworkintenaces. This iloods 
the network with data, The addrcas is better decoded at the source to find a 

route to the destination modl1le. A tnmsaction ad4;ress will ~ bave 
cwo parts: (a) a destination identifier, and (b) im intcmal address at the 

destination. 

_ _ _ Latencr, 'I'nm$action latency is caused by two factois: (a) the access 

time to the bus. which ts the time until the bus is gmnted, awl (b) the 

lateDaY introduced by the intezconneei to tr.msfer the data. 
For a bus. where the arbittiltian is centralized the aocesa time ii; prc,­

portional ro the number of ina$ters conru:cmd ro the bus. The trlmsfer la­

tency itself typically i9 C01lStant and relatively fast, because the modules 

are J.iDked directty. However, the speed of transfer i9 limited by 1M btlS 

speed. which ilJ relatively sl.oW for buses. 
1:11 a NoC, arbiiration is peiformcd ac each router for the following link. 

The access lime per router is sinall. Both end-~ aCl.:eSS time and trans-­

port time increaso propOitionally to tho '11lmlber of hops benveen master 

and slaw. However. network links axe unidirectional and point to poim, 

l!Uld hence can nm at higher (requeueies than buses. thus lowering the la-
tency. . 
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From a latency prospective, using a bl1& or a uetwm:k is a lladc off be .. 
tween the number of modules connected ro the interconnect (which~­
access time), the speed otthe .intercouneDt, orul the network diam~ 

Data Fonnat. In lllOSt modern bus interfaces the data foimat is • 
&eel by separate wiro groups fen-the transaction type, addmss. write data, 
read data. $ml rotum acknowlec:Jgmems/eaors (e.g .• VCI, OCP. AMBA. or 
CoreConnect). This ls nsOd to pipeline tmisactions. For example, ~111'­
remly with :sending the address ofa Tead transactitnz. the data of a provfous 
write transaction can be sent, and the data &om an mm eadier read trans­
action,._ be received. Moreover, having dedicated wire groups simplifies 
the tnmsact!QQ decoding; thant u no need for a mechanism to select be­
tween different kin$ ot data sent over a common set of wires . 

. Inside a network, there is typically no distination between diffemat 
kinds of data. Data is treated unifonnly, and passe~ 1iom one muter to 
llllOther. 'Ibis i$ done to minmii?O t1ie c:ontrol overhead and bn1Ferlng in 
routers. If sapanite wires WOllJd be used for each of the abovo-mention=I 
groups, ssparate routQig. schedn]fng, • queuing would be needed, .b­
QmaSing the cost of romms. 

In addition, in a network at each layer ii) the protocol smc!t; control in­
fonna&m DlllSt ho supplied together with the data (e.g .. command type, 
address, or data size). This conm,l imomiation Is orgauized as an envelope 
arourul the data. That ia. first a header is sent. followed by the actual data 
(payload). followed po~Iy by a tn1iler. Multiple such eavelopes may be 
pnwidtd for the same data, each canymg me corresponding concrol mfo:r- · 
mation for each layer in the netWQtkpiotocol stzu:k [6,24}. 

Buffering and Flow Control. Buffi:ring dam of a master (out:pUI 
tm1feriJlg) Is used both fOJ' buses and NoCs to deewple eomputatiou from 
COtPmmlication. However, for NoC& OlltpDt buffi:rins iB also needed to 
marshal data, 'Which consists of(a) (optiolially) splitting the outgoing dam 
in smaller packets which are ttJmSported by the·networlc:i• and (b)• adding 
comrol infomiatfon for me netwolk around rho daia (packet header). lb 
avoid output buffer overflow the master mnst not initiate tra:nsacnOllS that 
genemte lllOte data than the cunently ~v.,ilable ,ipace. . 

Similarly to output buf&rmg, input buffering is il,lso wied to decouple 
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computation from comannucation.. ht a Noc. input buffering is also re­

quired to ~ data. 
In addition,, flow control for input buffers difroJs for buses and ~oCs. 

For buses, the ~ snd destinatiou are directly linked, and,. destination 

can therefore si,gnal directly to a source that it cannot accept data. This 

information can even be available to the aibiter, such that the bU$ is not 

gr.anted to a uausaction tr.Ying to write to a full buffer. 

In a NoC. however, tlm ~on of a transaction camwt signal di .. 

reedy to a sonrce tb4t itv mput buffer is tun. Consequently. tnUJsaetions 

to a destination can be stmteds possi"bly froin multiple sourceJ1, after- the 
destination's input buffer baa filled up. Two policies can be adopted when 

an input buffer is full. The :first is not to accept additional htcoming transi­

tions, and to stoie them in the network. .However, this approach can easily 

lead to~ congestjOD, aa the data c::ould be aventually etored all the 

way to the llOU1'C6$, blocking the Jim in between. The second approach i9 

tO ac~t htcammg tnm~ctious at a :fW1 destination, and aiop 110me dl3fa 

in the iuput buffer. Congestion is avoided but data is lost. which is unde-­

saable. 
To avoid omput bQf'f"er overflow ~ons can ho used, together with 

e.nd-to-end -flow con1n>L At c~on set up between a m8.1fCI' IUld one 

.or more. slaves, bwfer ~ace is allocated at thO netwolk ~ of the 

s1aves, anclthe netwO?k illtemwe ofthellluter is assigned otedits ieffecting 

the amount of~ space at the~ The master can only send dam 

•• when it has eno1,1gh cmdits fw the destina'lion.slave(s). The slaves granf 

credits to the master when they consume data. 

rv. TheAWterealAppnmda 

~ deseribed in the previous two SOCUODS, NoCs have different prop­

mies from both existing off-chip =tworks and ~ on-chip inter· 

connects,--As•a-IeJUlt. existiJ1gprotocoI11 and semce interfaces caanot be 

adopted directly to NoCs. but mnst take the characteristics of Noes i:.dr.o 

account. !?or example. a pt010Col saah as TCP/lP assmnes the 116tWO:k is 

lossy, and includes significant complexity to provide mlW,le eommqnica­

tion. Therefore. it is 110t imitable in a NoC wbtire we assum= dam tral1Sft:r 
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reliability is already solwd ai a lOwer IeveL On the other hand. existing 
on-clnp protocol,s such as VCI. OC!P, AMDA, 01' CoreConnect arc also 11ot 
ditectly applicable. Bat eita:alple, they assume ordered inms_port of data: 
if two requests are imtiated :Imm the same maste; they will amve in me 
same otdci- at the destination. This does not hold automatically for Noes. 
Atamic chains of transactions and BJad,,to-ead flow control also need Sp~ 
cial atteDtion in a NoC fnmrface, 

Our objectives when de1ming om- networlc servicas ai:e the following. 
Fimt. tbs .seivic:es abstract ftom the .netw«k intemab as rmJCh ea possible. 
This is a Ja,y inpdiem in r:aokli:Dg the challenge of decou,pli,rg the com­
pumtton from commrmicatloll [14, 22], which allows Il's (the cmnputation 
part). and the Jnterc~ (the communication pan) to be designed mde• 
pendeiltly &om each o1her. As a c~ ow services RN positiaocd 
At the Cransport layer in me ISO-OBI refimmce model £241~ which ia tho 
mst layer to be~ Qf lhc implementation of tho netwolk 

Second. W& aim-at a NoC interfucc as closo as possible to a bus Inter~ 
face. NoCs can then be imroduced n~ with minor cmmges. 
existing IPs, methodolog{es IP'd tools cau continue to be used. As a conse­
quc:nce. we use a request-iespODSe mtenace, similar to i:nt6rlaces for split 
bnsas [l, 12, 13, 17,2S]. 

Third. onr interface ~ traditional bus inti:rfiwes to fully exploit 
the power ofNoCs. For example, we offitt connection-based comnnmica­
tion which does not~ relax ordering consuainta (as for buses), but also 
enables new c:omnnimcatfon prop11rtics. snob as end-to-end flow comrol 
based on oredil:9. or guaranteedtmoughput [8, 19,20]. All thesepmpertiea 
can be set tbr each connection individually. 

A. The &thereaJ Connection and Transaction Model 

IPS interact with our network [8, 19,20] at so-called netWork mtemiees 
· (NI). NIS provide WI por1S (N?P) flrmugh which the communication se.mces 
meacc:essed.AsshowninFigorel,aNtcanbaYeseveralNu•stowhichone 
or JUOJ& fPB (COmpl.ltation elements or memories. but 110t intarconnectiM 
elements) can bi: connected. Sirm1arl:½ 11n Il' can be comiaoted to more ffutn 
one NIB and ~IPS.. 
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Figure .t. Examples of links between NIS and IPS. 

Commniiication betweeu N1Ps is performed on connectttm$. Connec­
tions are introduced to descn"be and identify cammunlcation wf1h diffenmt 
properties, such BS gu.anmteed throngbput, bounded latency and jitter, or­
doi-ed delivery, or flow conrrot. For example, to distinguish and indepen­
dently ~ communication of l'.Mbs and 25.Mbs, two cOllllecdons 
can be llSed. Two Nil's can be connected by multiple comiectious. possi­

bly with di:fferentpropel'ties. Connections as demted here are aimilar to the 

C013Csptofthreads am! connectiODS ftom OCPAildVCJ. Whero in 0CP and 
VCI c:onnecdons are used only to re.lax transaction orderi:1!.g,, we geneniti2'S 

from only the otdering prvperty to include configumtion of buffering and 

flow conlroI. ~ 1hroughput, and bounded latency pet conneetion. 
')EtheteaJ connectiOllS must be cmated with the desited p.ope:rtles baf'ore 

being med. This may n:sult ~ ruoun:e reservatio11S iDside tbe netwmk 

(e.g., buffer space. or percentage of the link usage per time unit). If the 
requested re.sources are not available, till, net\VOik will refuse the request. 
After usage, cmmecl:iolls ate closed, which leads to freeing the resources 

occupied by that caimectfon. 
To allow mOl'Q lkmbility In configuring connections, a.ml. hence, better 
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miource allocation pct comiection, the ontgomg and retum parts of con- • · · · · · ·­

ncctions am configured sepamtely. FoT eKample, diff'ment bu:ffer space CllJI 

be allocated in the AliIP and l'Nll'II, respectively, or di:ffenmi: bandwidths 
can be reserved for requosla and responses. 

Dependmg on 1he ~ed ~es. the tin1c to handle a comiec­

tion (i.e., cieating. closing. modifying services} can be shore (e.g., creat­
ingl'olosing an unmdered, lossy, best-effort COJlilection) or significant (e.g.. 
creating/closing a multlcast s,wanteed-througbpnt comiectlon}. Couse-­
quemly, connections are assumed to be creamd. oloi;ed, or modified infre­

quemly, coinciduig e.g. with reconfiguration poims, wboll &he application 

TeqUimnent!lcbange. 
Coinmunlcatfon takes plaee on connec1:ions using transttet/011, consist­

ing of a request and a possibly responsa, The request encodes an operation 
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.lli:J,,,e4. Thmsactiou composition. 

lS 

(e.g., read. write. flDA test and set, uop) and posst*biy carries outgoing 
data (e.g .• for wnm C!PW!lllds). The response retoms data as a result of a 
coimnand (e.g., read) nl'or an acknowledgment. 

OonnectiQZIS fnvol'fts at .le:ut two Nll'II, 'limsactions on a connection 
are a1\\lays staned at amlllld olJ1y one of the NIPS. called the CO!lll~n•s 
mmvs NIP (.oJJP). ADllll other tms of the ccmiection are calledpa.rsive 
NJf'r (PNlP). 

There can be ~mwactioIIS active on a coimection. at a time (as 
f'orsplitlmses). Thatir.llallS~tions CaJl bf:lstaned attbe ANIP ofa connec­
tion wl:ule responses firearlier lr.UISactions are pending. If a CQDnectioli 

· hasmvltiplcslaves, ndijpla tr.msactions CiUl be inidared f.Qwards diff'eml.t 
slaves. Tmmactions a!llafso pipelin2d between a smgle pair af a master 
and• shwe for both n,paira and responses. l!l principle, tranSacdoDS aan 
also be pipaliaecl witbiaaslave, iftbe slave allows this. 

A uansaction is c~ from the following massages (11ee Fi.gun, 4): 

• A C(Jl1mUW/ mastge (CMI>) i& sent by the ANIP, axiddescribes the 
action to be e:mllfl:d attba slave connected to the PNIP. &ampies 
of com.nuuids a: n:ad, write, test llll4 set, and :ftu9h. Commands 
QrB the only aaages that are compulsory ln a transaction. For 
NIPS that elio9mdy a single command with no paramea:rs (e.g.. 
:fixed-size addmll-Iess writ.e), we assume thlt command message 
still exists, evcaif'it i:l impUdt (i.e., llOt explicitly sent by the JP). 

• An OUI data niaaa,ge (OUTDATA) is aent by me ANIP following a 
con:u:Mlld thatmpres data to be executed (e.g.. write, iuulticaat., 
mi test-and-sd). 

• A return dalrz mmage (RETDATA) is .sent by a PNIP as a conse­
. · ·. 4UCJlCe of a tamaction exec!Uioa that produce$ da1a (e.g .• read, 

,andt~ . 
• A CDmpletl<mlJlbDw/edgmem message (KBTSTAT} is an optional 

IQeSsage whfdail mumed by l'NlP when a commaJid has been 
completed. Ji 11111' signal eii:her a auccessfill complelion or an er-
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Figure J. Examples of links between N[S and I'PS. 

Comm:nt•i~on between N1PS is pemmned on com,ectiml$. Connec­
tions aJe introduced to descn"'be and identify communication with difFerollt 
propenies, such es guaiameed tbrongbpvt, bounded lateney and jitter, ar­
d¢red delivery, or flow comrol. Por example, to distinguish and !Qdepan­
dently guanlQtee COlllmUIUCation of lMbs and 2SMbs, two connections 
can be ~d. Two Nil's can be cDJ!lll8Cted by multjp1e connectious, possi­

bly with diife.rentpropel'lies. Connections as defined here ere aimilar to the 

concept of threads and comicctions from OCP .8Ild VCL Wheiein OCP and 

VCI connecdous are used only to relax traiisadion orderittg. we genenllize 

from only the ordering property to inolude con:flgumtion of buffering and 
flow oontrol, guar,mteed dlmugbput, and bounded latency per connection. 

· )BtheteaJ c:omiectiODS must be created with the desited properties be1bre 
being used. This may n:sult bl resource mervatiDns inside the netwoik 

(e.g.. 'bu:f'f'er space, or perecmage of the link usage per titm unit). If the 

requested resouxces are nm available. thl, netWOi:k will refuse tbe iequest. 

After usage, connections ate alosed. whicb leads to freeing the resources 

occupied by that c~n. 
To allowmOI'Q fle.tjbility m configuring comll?Ctions, and. hence, better 

resource allocation per COIUleetion, thl, omgomg and remm parts of con­
nections are oonngured sepamtely. Far example, diffemnt buffer space can 
be allocated in the A}t{IP Bl!4 PNIPs, respectively, or diff'erem bandwidths 
can be reserved for reque5ts and responses. 

Depending on 1he reqwated ,gemces, the tinlb to handle a connec­

tion (i.e., creaiiDg. closiJlg, modifying services) can be short (e.g., aeat­

ing/closin,s an unordered, lossy, best-effort connection) or sipificant {o.g .. 
cxeating!closillg a multlcast guanuiteed-throughput eomiectlon). Couse-­
quendy, connections are assumed to be creamd, vtosed, or modified infte.­

quontly, coinciding e.g. with reeollfigutation points, who:n the applicatiQl) 

requirements change. 
Coinmunlcation taiccs plaee on conneCl:ions 'OSing 'lransactio,11. consist­

ing of a request aru:i a possibly response, The request encodes an operation 
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Figure 4. 'lnmsactiOD composition. 

(e.g., read. write. imtm. test and set, nop) end poss2Dly carries outgoing 
data (e.g •• forwrim commands). The response n:tums data as a result ofa 
COD!mand (e.g., read) and/or an acknowledgmel1t. 

Connections involves at least two NIPIL 'liaUBactions on a connection 
are always staned at one IUld oll1y one of the NIPS. called the COJUteGtion's 
IZbllve NIP (.Alll!P)~ All ma other NIPS oftbB ~on arc called passive 
N'!PS (PNIP). 

There cm be multiple transactiolls active on a connection at a time (as 
for split buses). That is. naJi52U,tfons mm bl, started at the ANIP ofa connec­
tion wlule responses for earlier tiausactfons are pending. If a ~ 

· humultipli, sJa,,es. multipletramacuons c:an be mitiated tQwarda difkmlt 
slaves. Ttansactions are also pipelined between a aingle pair af a master 
and a shwe for bot1i reqgem alld iespomes. !Ji principle, mmsacdons can 
also ho pipelmed within a slave, ff the siat,e allows this, 

A imusaction is composed :from the .following DlllSSages (see J'igme 4): 

• A C<l1111nfDl4 message (CMD) is sent by the ANIPt and describes Ille 
action to be e:xewted attba mveconnectcd to the PNIP. Eitamples 
of" commauds me read, write, test 8lld set, and :flush. Commands 
:rte the only messages that are compwsaty in a tramaction. For 
NIPS lhat allow only a single COJmnand with no patamei:ers (e.g., 
:fixed-size address-less writb), we asswno WI command mBSS!lge 

atill emts, even ff ii Li implidt (I.e., iiot explicitly Sen% by the IP). 
• An our data Jll~ge (OUTDATA) is IJent by the ANJP following a 

command that requires data to be exeaut.ed (e.g .. Mite, multicast, 
and test-and-set). 

• A return data message (UTJ>ATA) is sent by a PNIP as a conse­
queJlCe of a tral:lsaction exec!Uiou that produces data (e.g., read, 
.and~). . 

• A CD11f11etlon uknowledgmem message (RBTSTAT) is an Optional 
messagu which is returned by PW when a eolllJl1aJid has been 
completed. n may signal either a successful completion or an er-
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ANIP CATA., WRITE• PNIP .ANIP ~ 
•DAT.t. 

PNIP 

UIISCIOlowledgedwr!Ut mad 

DATA • WRITE1 C 
PNJP 

ANIP - PNIP ANIP 
Ol</ERR PNIP 

~edgedWJll8 inulticaat 

Flgm-e 5. Tamsaction examples. 

rm. For trama.etio1IS inclllding both rt2TDATA and RBTSTA.T the 
iwo ~ages can be combined in a single m:sngo for efficiency. 
However, eo:nceptually, they exis, both: kETSTAT to signal the 
pretlCl1C8 of data or llll errot, and RETDATA to cmy the data. In 
~ed interfacesUTPATA and RETSTATtypically e:xistas two 
separatoingnals [1. 12,.13. 17.25]. 

Mes.sages composfng a tmnaaction are divided in OUlgOl1,g =essagei;, 
namely CMD and OUTDATA, aud response messago.,. namely RBTDATAo 

RBTSTAT. W'itbm a transaction. CMD precedes all other messpge$, and 

lU!TDATA pzeeedes RET~TAT if pn:sent. These tQ]es apply both between . 
master and AliIP, andPNll' and slave. Bxa:inples oftnmsactiOllll are shown 
inPigute s. 

We classify connections as follows (see Pigure 6); 

• A simple conncmioil is a connection between Olla ANll' and one 
PNIP. 

• A narn>wcasr connection is a connection between on.a Al'{JP and 
ODe 01' mOte Pl'{IPS, in Which the AN.IP initiates transactions that 
are execured by eotactly one PNIP. An example of the nan-ow­
cast COJmeCtirm is shown in .Figure 7, whete the ANIP performs 
tr.msactfons on an aqdtl,s SpaCO which is mapped on two mem­
ory modules, DepOllding on the tnmsaction address. a 1ransaction· 
is ~ on o:nly one oftheiie two memo.ries. 

• A multl~ c:onnecmon is a conuection between one Alm' and 
oms or more PNIPs, in which the sent messages me clnplioati?d and 
each l'Nil' ~ a copy of those messages, In a multicast con-
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necnon no return messages are currendy allowed. because ofth~ 
large tmfflc they generat.e (i.e.. cne response per destination). It 
could also inarwse the cotnplexity in the .ANIJ> because individual 
~ponses fi'oJn l>?t{IPs must be meiged Into a single response for 
the A)1[P. Thia requifes buffi.lr spqce MJd/~ additional conJpUta­
tilm fot the merging itself. 

B. CoanediG):I Properties 

In this section we de$::r,oe the propctties that can be configu,ed for 
it connection: gaaraoteed mesaago ~. guaranteed tr=aaction com­
pletion, various tr.maaction OtderiJ:i.gs. guarameed throughput, bounded la­
tency andji~ and ccmnection .How control. 

Data Inmgrity. Data integrity means fhllI the payload oftbe mess~ 
is not changed (accidentally or not) during 1rimsport:. We assume that dara 
fntegri1¥ i,9 lllreadY solved at a lower layer in our netWO~ mimely et the 
liitl(Iayer, because in current 0JKlbip teclmologics ~ oaii be tnt.nsported 
l)J1(:Qmlpted owr linkB. ~. our nctworlc in~ always suar-
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antees that~ are delivered 1IZI.CQl't'llpt at tbe destination.. .,, ·. 

~action Completlon. A transaction withour a :response is said to 
be complete when it has been ~by the slave. As there isno tespODae 
message to the master, I10 guarantee regarding tninsaotion c;ompletion can 
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Figure 8. Message ordering is abseivable at a, b. c, and d. 

be$ivcn-
A 1nUlSaetion with a response is sakl t0 be complete when a llTSTAT 

message ia received from the A1iIP1• The transaction may either (a) be 
executed successfully, in whieh pase a success RBTSTAT is retUIIied, (b) 

fail in ita executiou at the slave. and then an execution error JlBTSTAT is 

retul1led, or{c) fell becauso of buffer over:tlowin a conuection with no fl.ow 

eontrol, and then it xcpoltS an overflow e~ 
1n our network, roaters do not drop data [.20J, therefore. mes.sages are 

always guanlllteed to be delivered at the NI. For coJmeCtions with flQW 
control, a1&o ms do not drop data. Thus, message delivery to the IPs is 
guar.mteed~i:o this case. 

However, if there is no flow control. messages may be dropped at the 

network int.edacc in case ofbuifer overflow (see the paragraph on end-»­
end ftc,.y control below). All of CMD, OUTDA~ and.JtBTOATA may be 

dropped a1 the NI. 'lb guarantee transaction completion, RliTSTA'J' is J10t 
allowed to be dropped. Conseqnently. in the ANIPS enough 'buffer space 
muat be provided to accommodate RETSTAT messages for all outstand­
ing tmnsaeti.ans. Tbis is enforced by bounditig the number of OllfBtaDlling 

~-
Tnmsactio.n Ordering. In this section, we deson"bo the ordering re­

quirementS botween diffimmt transactions within a single connection. Over 
aiffeient connections no on:lering otmmsactions is &fined at the transport 
layer. . 

IWo IISSIIDm"ibat when dam is~ a, a fCSPOllllll (RETDATA). a aETttM (pombly 

im9licit) fa also~ to vali4ate lhe<lam. 
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There several poinfB In a connection where onlerof1T-msawo.ns cau be 
observed (see Figure 8): (a) the orciCI" in whk:h the master presents CMD 
messages to the ANIP. (b) the order in which tba cMDa an, delivered to the 
sla\ie by the JINlP, (c) the order in which the slave presents the re:ipon,es 
to the PNIP, and (d) the: order the responses are delivered to the master by 
the ANIP, Note that not all of (b), (c), and (d) are always present. Mon> 
over, then, am no a.ssumptions about the order m which the sJa\lea exeoute 
transactions; we can only observe the order of the~- We COltSider 
the older of the tnuzsaction eJCeCt1tioA to be a system decision, and not a 
part ofdte inr:ercmmect protOc:oL 

A1 both A)JIP and PNJP&. ouigoiJlg JDCSS!lgeS belonging to diff'enmt 
transactions on the aame ocmnectfon eie allowed to bB iawrleaved. Bor 
mtaIDple, two write commsnd9 Cail be ia&ued, and only aftCIWatds their 
data follow$. If the Oider of OUTDATA !l10S.sages differs &om the order 
of CMD message11, transaetion identifiers must be in~ to associate 
OU'n>ATAB with tbeircoirespancfing CMD. . 

Outgoing inessages can be delivered by the PNJPs to the slavea (pee 
Figme 8-b) as follows: 

• Unordmed, which imposes no order 011 the delivery of the outgo­
ing message:1 of different transactions at the PNIPS, 

• Onlered locally, wlu:re transactions mnst be delivered to each 
l'NIP in the order they were sent. but no order is imposed across 
Pl'lIPS, Locally-onlcred delivery of the fflllBOUJS messages can be 
provided either by an ordered da1B ttansportation, or by reordering 
of Olltgoing mesaages at the PNJP. 

• Ottlerr!d globallp, where 1rarlSSCdone mus,: be deliwred in me or­
der they were sent, across all PNWS at~ c;onnection. Globally• 
mdered delivery of the omgoing part of transactions require a 
costfy~meohallism. 

Transaction iosponse messages can bs delivered by the slaves to the 
. PNIP9 (see Fipre 8-c) U follows: 

• Otdered. when 11.BTDATA aDd RBTSTAT UlCIIS&gM are retmned In 
tbe same order as tho CMOS were delivered to the slaw. 

• UMnlered, otberwise. 
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Whan responses are unordered. there has to be a mechanism to idcutify 
the mmsaction to which a reapo:ose belo119. This is usually done using 
tags attached to messages fortransactill1l identifications (similar to tags in 
VCI). 

Response me$ges can be clBliven:d by tbts A.WJP to the master (see 
Figure 8-d) as follows: 

• Unordered, which impo11ei; no order on the deliveJy ofrespcnsea. 
Here, also, tagii must be used to associat,e responses with their 
comspondiilg CMDs. 
Orgered locally, where RETDATA and RETSTA'l' me9$4~ oftr.ms­
actiolls for a aingle slave are delivered in the order the original 
CMDs were presented by the master to the ANIP. Note that there is 
no ordering impoaed for tiansactions to dl:ft'ereiit slaves within the 
same connection. · · 

• Glo~lty orderet4 where all RfiPQ~ fn a connectioa are deliv~ 
ered to the ma$r in the same order as the origiDal CMD8. When 
~OIIS are pipelined Oil a comiection, then globally-ordered 
delivery of responses req=s reordering at tho A.NIP. 

AU 3 x 2 x 3 = 18 cantbinatiom between mo aboire orderings are pos­
mole. Out of these. we define and offer tbe fQDowin,g two. An vMrr/tired 
cm,nection is a comiecrinu in which n9 ordering is assumed iD any part 
of the tmnsactians. As a result, the tellpOJHCS must be tagged to be. able 
idenmy to which transaction they beloug. lmplemmrting unordeted con­
n¢otiOI1s has low cost, however, they may be harde.r to use. and introduce 
the overhead of tagging. 

An ordered ccnmecmon is defined as a eonnection with local ordering 
for the <mtgoing messages from PNIPs to slaves (Figure 8-b), ordffllrl ro­
sponsea 111 the PNlPS (Figure k). and global ordering for :-esponses at the 
ANIP (Figui-e 8-d). We choose local ordering for the outgoing part because 
the global mderlng has a mo high cost. and has few"6es. The ~g of 
responses is selected to allow a simple pt"'lgramming inodbl with no tag­
giug. Global ordering at the AWll' is J)OSSl'ble at a moderate cost, because 
all the onfcrlng js done Jo~ in the AWIP. 

A 1lSer can emulam conpeetions 'With global ordering at the PNIPs usmg 
nan-pipewied aclalawledged.tmnsactiolls. 
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Connection latency, throughput, and jitter. Jn om netwoik. 
throughput can be n=rved for comiections fn a tune-division multiple ao­
cess (TDMA) nsbion, whoie baruiwidth is Split in fixed~ slots on a 
fixc4 tlme ftame. Bandwidth, as well as bounds on lateiicy and jitter cazi 
ho guar.mteed. when slo18 are.reserved. They are ell defined in multiples ot 
theslofs. · 

Guaranteed-thmnghput cmmections can O'llelbook resources in some 
cases. For ~. when an Al-Ill' opeDB a guarq:nteed-1hro1Jgbput road 
CODDCCticm, it must n:serw slots far the read comman4 mesaages, and for 
the read data messages. Th8 ratio between the two c= 'be vmy large (o.g,. 
1:100). which leam eit&ar to a Imge nmnber ot s1ots. or ~th being 
wasted for the tead command mesiages. 

To solve this problem, we allow the request aud responae parts of a 
cmmectiou be~ Uldependently for all oftbzoughput, latcm:y and 
jitter. Conseqwmtl.y, the request pan ¢ a ~QD can be, best efi'Qrt. 
wbile the NepoDSB can have guaramr.ed throughput (or Yict. vei-sa). For 
1he example mentioned above, we can use best etrmt read messages, and 
~i:ghput zeao-data messages. No global connection guaran­
tees CM be o:tiered in this ~ but the overall thioughput can be higher 
and more stable than in the case of using DIily best-d°ort traffic. 

Cannection flow controL & mentioned e~ ourlletwork guaren,. 
iees that mesSll@:S am delivered to the ]){I. Me.saages 5tmt from one of the 
NIPS are not imJ:nediatelymil>le at the other ){IP, becau,;e of the JnUlti-hop 
natin of netwoncs. Consequemly, bandsbakes over a network would allow 
only a single message be tnm:nnitted at a lime. 'Ibis limits the tlffougbput 
on a connwtion and adds latency to tnmsaclions. 'lb solve this problems 
and achieve a ~ uetworlc utilization, the tneSsages must be pipelined. 
In this case. if the data Is not consumed at the PNIP at the same rate it 
amws_ eithsr flow ~otrol must be introduced to slow down the producer, 
oi- data may be lost because of limited buffer spae& at the consumer NI. 

We imroduce end--to-end ftow contiol at die level of connectiong, wbicb 
re~ buffer space to ho assooiated with cmmectians. B:nd-to-eud ftow 
control ensures that messages are sent over the network only when there ia 
enough space in Che NIP's ~tion buffer IXI accomD1odaw them. 

End.~to-end flO\V is optional (i.e., to be~ when the conneotions 
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opened} and can be configured independently fill' the outgOing and ~ 

tum paths, When no flow control is provided, messages aTB dropped when 
. buffers overliow. Multiple policies af dropping messages are posSJole, as 
in oEobip network:$. Pos.sible scenario1> include: (a) the oldest message is 

dropped (milk policy)1 or (b) the newest message is chopped (wine pol­
icy) [24]. 

We opt fer a credit-based flow coruml. Credits arc associated with the 

emp~ buffer space at the receiver NL 'Ibe sendtt's c:redit is lowered as dat!l 
is i:=t. When daia is delivered at the receiver NIP, credits are granr.ed. to 
the sender. Iftbe sender"g credit ii; Mt sufficient to send some data, the NI 

at the sen&lr stalls the sending. 

C. lTse Caseii 

To il1\ls1rate the 11eed ibr differentiated services Oil ermnections, we 

show in 1bis section some mtamples of traffic. We descn'be the properties 

they would use over ap. /Ethereal eannection to moot iheir traffic requue­
ments. 

Video processing srreams typically mqui?e a Iossless, in-order video 

stream with guarantoed tllroughpur. bntpossibly allow COitUpted samp.les. 
An .iBtb=eal connectioll for such a stream would tequil'e the necessazy 

_____ throughput. ordered transactions, and flow control. If the video stream is 

. produced by the mastet, OJlly write transactions im: necessazy. In such a 

case. with a ilow-eontrolled connedion there is no need to also requim 
aransactum complation. because messages are never dropped, and the wrim 
command 8Ild its data ere always dalivered at the dest!nad.M. Dara in• 
tegrity is always provided by OIU' .112\WGn; even thaugh it -may be not ru:o­

ess;uy in this oase. · 
. Another example 1s that of cache updates which require uncom.tpted, 
lossless, low-Jate:nay data transfer, but Oidering and guarant.eed through­

put are less illrportant. rn such a case. a connecti011 woUl4 uot require any 
time related guarantees. because a low tar.ency. even if preferable. is not 
critical Low Iatmcy cm be obtained evm with a best effort connection.. 
The connection would: also requita flow control ead guarameed transao­

tion completion to emure loss-Jess transactions. However, no ordering is 
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necessary, because thill is not important for cache up¢ates, and allowing 
out of or46t"transaction can reduce the response time. 

V. Concln1itms 

In this paper. we compare networks on chip (NoC) to off'-chipuetwo.tks 
(e.g.,c:ompulm'Ilet.vorks)amtexistingon-chipinrerconnecta(c.g., busses). 
We show tbat NoCs have many rwnilarities with off-c;hip networks. How­
ever. they also differ, espealaUy m their resoum= ~-For maimple 
on a chip, memory and computation resources are more cxpeQSive, whlie 
there are more 'Wiles. This makes NoCllfChitecam:, dliferentfi'O!l1off-chip 
netwoJks, and requires ratlrlnkmg ofnetwotk services. 

We also compare Noes to existing~ intmcorwectll, such as bases 
ao.d 9Witdles. By directly connectmg IP blocks. existiDs OJM:hjp mtemon­
llects can offer tight coupling between masters and slaves. and global ar­
bitration. ln Noes. masters ~ slaves am completely deco1tpled. and tJie 
arbitration ia distn'buted over the ~k nodes. ThiS make it harder to 
provide ,guarantees, such as bandwidth lower bounds, and uansacticm or-

08.10.2002 

derings. .•· 
We define a set ofNoC services thai abstract f.ron'l the network detail11- · :, . 

Usingtbese services in the IP design decouples oompntation amt commum­
cldion. We use a request-msponse tranSaetian model to be close lo existuig 
on-ahip intetconnect proi:oools. This eases the migration aC cuaeut IPs ro 
NoCs. To fully utilize the NoC ea_pabilities, such as hlgh bazulwidtl1 and 
traJJ$action conenirency, our sei'Vices provide comleCl:ion-<1rlcnted com­
munication. Connections can be configured indopendently wiib different 
properties. These properties mclude ttal:lS;iction completion, varicms trans• 
action ard8ring. bandwidth lower bounds, latenoy and jitter upper bounds, 
and:flow eontroL 

0vr services are a prerequisite fa$' $0IVic»based sysr.em deaign which 
makes applications mdependent of l\ioC implesne:atations, makes ~ . 
slgn9 more Mbust, andecables mchitecture-mclependent~f-service · 
stmegies. 
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Abstraet 

Continuing 'fTL9l tedmolagy :calir,g ralN9 $e,eral deep 
submtcron (/)Sltf) problenu like relatively &low fntorca~ 
net:1, paws,, ~" muJ dislribution, and signal trJ. 
teg,,1/y. no.re prob]em1 art/ encmmtered pi11'11cu/ar1y on 
io,ig"lf/rwfor global intemomret:J. Ar akJckfrequenda in­
trteaSe, klllcd Wires become ieloffydy slower, ll1UI an-c/ilp 
~ wUl Im tire /i11Jtting pe,farmtl1U:Bf111Jtor of 
jillluB chiJ).,. WIH!,:Plldn wb)} a~,lloririgoftlrawtru 
forltmgdl1NlnceCD111/nlllliaRtimllslhe~lk»ltothl8pmb­
fem. m, intmtbu:e nsl\t!Orb 011 sl/kon {NDS). thld 1'IJ1dB 
piZDlets m,e,,, s1uzred (semf)-global'll'Wt. No9 pelf'imnlll:ae 
i.r ~ iD Im htgli, '1ut aom~ at o cost. Bakmdng the 
~8 and r:c.rt of a No911 a ,najardullls,ige. and 
wa /JdilIVe bus.res m11 krve.o rola play. 

1 'Thclmology trend 

VI.SI tech.Dology scaliug haslODg followed Moore's law. 
t,o fimdamemal bmim bavebcon fde:!uitied mat invaildole 
this Ja.w t"or :it I~ l1nOlber decade [12J. Moote>s Jaw pre,, 
diwi lbat cblps in 2010 will count over 4 billion ~ 
com. operating in th1.1 muJri-G& rm,ge. Tb!s abundance or irmwsrms wDlms.Jce veiycomplex.v.smm.v onsiliam (SoS) 
pa6Sible. 

However, cllallmlges i¢ all alistraction ll.lvtls of dalgn 
will bave to be addressed beforo such SoSs \1lill became a 
ttalilf, The three most hDJWllfflt deep .submicfon (DSM) 
dlall1111~ nlatc6 ro all abstraciion levels, are: ellbsl8Iltial 
WW delay, i:omro!lmg 90\Wr delivery and disrlpalion. 1111d 
!ljisuring signal imegriiy. 

Until m:mitly, ot1-cbip w.!rlng was cheap. Consequently 
an:hiiectw'lll modeb bave been employed thlltrclJad mi low­
Wency CMJrnqnicaliCII to g)ob:dly sllare e:cpcnsivecom_pg. 
~ resoun:es. Global Wire delay st4ys at best COIISUllU 
muter recbru>logy sc:aling 1111d hence tbese wires btcomeef­
fcctively slO\Vet compared lO a gate, delay. Fot examp!&, _ 
for 130 nm Iechnoloay the reach.ablo distance of a repeated 
global sign4l fn a clock cycle is nomCie man the lenath ora 

FJgure 1. The number QfSOk bJocbforfulUre 
process technologies. · · · 

chip [4J. For SO nm tecbnolo~ orosdag a ebip with hfghJy 
o_pwni7.ed ~ tl!lces bctWeen six and =i cloc.k­
cyc.Ie9. clearly il1Vlllid41ing die 1ow--!atimcy ll8swnp!hm of 
today.- Ife:111:e ws mllSt tz10w tD .s,&~ ~ • - _ 
1hat ~ with technology. 

A ~'bla te=platofora ~i:OOf arcl!ic=:ntreis con­
stnlCted from prccessing nodes tlw do J4Qt grow in com­
ple.,hy wi1b tcclmology. Jnatcm:I. as technology sca?es, me 
number of rbose processmg nodes OD tU chip grows. An 
en-chip comnwmcatron aetwork thencamblnes these nodes 
iDlD a SoS C4J. 

various JlllltJlcatians show t1w· die spanning wiles ID 
b1ocla of 50lc !Jllfes scale wftb tecllnology (4, 13). · This 
~ that the aforeme:o.liooe4DSM issues can he l!4Ddled 
by CAD tcoJa. as5Dilling !heir ew!pibully fmpruve:mem. 
Figure J Bhowstheexponemially~amomitof'sucll 
SQk bloclcs for a large cHo in SU~ leClmologfes; in 
35 !llZl tlus l!Ilmbet iS approximate!)' ten thous.ma (adaptod 
n-om [131 IUld (4)). It remains fl.l ~lid " cornrnunfcatfno • 
cbitcctum that allows a SoS composed of thma blocks co-­
opemIC cfficioutly. 

2 · Networb on .silicon are inevitable . 
.. 

Given the~ dClill!lid for and impact of !ntercon­
necton S)'Slmncostaitelperl'omumce,·ft is worthwhile to O.P­
IUrllzo the ulilizatlon of wiles. Ad-hoc globnl \Ir.Iring stmc-
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tures oftei1 le:id to a llllge number of wires with llll awr­
age usage as low as 10% in rune [2}. To controJ ~ost in 
Ibis JCemlrlo, the wire paokfng density must bs very high. 
which Is 1201 btna/icW f0r the power and deJay ~s­
ties, Bftlcieiit mcchanuima for sharing (scmi)-global wires 
m.usi si>lvc this C0S1-pcrfimnancc dilemma. 

In deep snbniJoron ledmologias, (semi}-gI,ibal wires 
peed spe.cia1 atfention for power, siSnal-imegnty, and pet­
ftlmlllllCe tcaSIJD$. Tn tho ~sion bclow we show bow 
special ~Ult teefmi4ues c:m haJldle these isSues. Such 
techniques only work, hcwever. when embedded m ded­
icart:4 commumcarfoa lP. which provides a mare abstract 
imerl"w:e. 

Power is an issuo for global iuterconnectbOl:llllSe k COSD 
mom enel'g)' to sc.nd a bk of Jnfonaadon over knager lb6 
WiteS. 'Ibffldllce the c:ommunicatlond4ly, lhoDl!Brg)'co. 
suiuption ~~ &le re bigger dtivoxs. Eaiploymg low­
swuig ~forthe global wires s1WC$ ap to afactotfour 
in power forll!me wires [ISJ. Implecenfinglow-swmg sig. 
DIiling requite.t special ~it techlliques. 

Sjgna) integrity fs hampeted increasingly by growing ca­
pacitive and indµcdve coupling between wues. C!apaciuvo 
noiao couplirig.is the,esuit of the large a.gpcct r.uio of 'llliics 
in DSM ftlclulologie.,. IJlductive llOiH coupling becOmes 
ruorcof a problem due'° the deereasingtr::ui,ition times. m. 
drop1 .in the supply disb:ibmion iacrcasingly COIUribtUCS to 
lhii' noise. Th& mo.st effective way fo ~ a COJmeClion ro­
bust agiiioxnoise is application of differenlial slgnaling fl). 
Differential ~ imptoves lJath the g=eration of and 
.Simsifivit:y LV noise. . 

'Ibo signal piopagadon delay or an Ullintemlpted Wire 
grows quadradcally with its lel)gtb; hcru:e frairi a oecwn 
~ Qnwanl.s it is advantageons JO panilion the wire in 
se~ with repeateta in batweeis. The rcpcamr inserdc1t 
ledu\iqlteimpmves ~dwid!llmid htelicyb\na&the i:oatof 
higher power coiisumpdon. Wm, delay can be ECduced by 
fm wiros with a lower tcSW4DCe per unit Jcnsth at tbs coa 
or tower wim density. Such \'rims bellave hb lossy trans­
missiQ4 lines IIJld RlQUitc dri\'en with a resistam:e matched 
ro the nnsmiasion line. 

A& ll te$Ult, we believe dW all infer.bJock comimmica­
tion 'Will be Implemented by hmd•macto transnmlerS and 
receivers, employing !ow~ditTemlltW sJgneling. with 
well-co11trol1ed inlerCODDect in.&tell4 of ad.hoc:: drivers ban-
41ed by st.uidard piace--and-route tools. Indus way, commu­
nication links can ~reali2ed 'IYkbpzedicr.ahle~ 
a:ndDSM robusme~s. 

Cbmmtly. die ~alcut on-chip ~ are 
busses [l]. In a bus lll'Chitcclme, devices shan: a single 
lmllSlDission medium to oomrnnulcam At a given ~ 

lSitpply VQltag,: m.'OJl8 llrcc.l!Secf by mgbl:lllJl:ll1B 0) tll)Wlilg ~ 
llrc~ (R) afCl!cmpply pe;wodc. Sli=o dicmpp!y ~ tedllc.!4 
umk.r.allng IR.--i:m. 

2 
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Figwe 2, Structural view at a netWark en sn~ 
ic:on consrsti11g or pn,cesstng nodes (P) and 
nacres supportJng communication (R, B). 

only cm dsvica hos access to the ~ medi,nn. An ~ 
bllrlllion mccbanum is tcquired tQ otdel' airn11ltaneo"8 ac­
cesses. Such fimctiawity .is typically perfommd by a cen­
lmlizedi,lls amifcr.• The pedotinlmce Qt a sllared-mcdimn 
bas SClllea badly. Far mi measmg wmber of bUs clients 
Ci) individual clicl1lS got less bandwidth on average. and (ii) 
increasedoa;acilivo loads and wuo lengdi decrease mo totaJ 
bandwidlh. 

,\ aohUion that pm scalabJe ~munillalion parfor­
IrVUICC and niinJma1 iluercom>ectcost is expected fmmner-­
WDl'ks · DIJ silltxm (NoS) whete lhe SoS ls coasidered !IS a 
DBtwork of components [2. ~ l]. Figure 2 i11usumcs the 
hlltdw:xm an:hiteenuc or this COMCJlL '11le outer compo­
llCAts (madam P) exdusndy perl'mm proecssing and stor­
ageflinctton,. wharellS tlleinncrcomponents.(markcd.B and 
R) fonn the r,fcS 811d c;lfer to comrn11nieatim,. ne4lds of the 
OlUIII' com,POnems. Thu bdc building blocks of a l\foS 8IC 
IOlltcm(Rl 

A romer forwards data ti'oJll itt input pans.~ its om. 
pntpmts ma ecncurrcut f4sbion. 'lb wt end,·a route: of 
adly N eollt:lins a N X N s,vkcl1 matdx. Daia packets 

. make their way lbtough the network based Oil tbe fOUting 
.infmmation in their headers. A link between two routers is. 
implamented by a~r.o-pobucomiecwm. The linb typ­
iClllly span medium to long dktances tanging from .several 
to over more than~ millimetezs. Tile llClUal l=igth de­
pends on Iha chosen topology of the network. For a mash 
topology the Iinb 111'11 l'llladvely llhort. for a. torus which ia 
a mesh with wrap-around colUICCtions, $0mB ~ have 11 
IengJh ofhalflbc edge af tbe chip. Link$ can be optimi= 
for bandwidth. latency, powm; or a combination of these. 
depending au ped'osmance reqaire!!lents. 

3 NoS~ts 

All hi:lponao1 characterJstlc of a futu.co systom.,level ar­
chilecture iii the seporation beiween compmation und cam-
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~an. A NoS allows the eomputatfoaal blocka to 

commuilicatc with one other TIil a unffonn fl1terface. A 
unifozm interfacB is adY81lfllgeom becouso (i) 4 ficas lhe 
~o dcvelOj!Ct' .£min hlMllg 10 make assmnpwms about the 
system in. \llbidt the com will bb 'IJsed. and (ii) doas not 
conslr.llll die development of newer t"'!DJDoqfcarion arcbi­
tcctumJ by detailed inteifaolng requirements Qf pAlticular 
legacy SoC cmnponenti [6]. Sevoml on-chip bns stfl2ldards 
am evolving tomalizo this goal, most iiocably VCI, put for­
ward by VSlA [14], mi Il101'0:recontly, lhG Open Olm Pio• 
locol [10). 

~fundameil1al shn of a NoS Is &o provicfo flexible and 

effioientcolDDDUlication beiween the thousands of.IP blocks 

in a :r;ysi:em, with petf0mJ11DCO guanmteeS. li:I. a typJcalSoS, 

tho ~ demands of difl'meJU IP blockll &!WW 

1aige varilUions. For CX8Dlple, data rates may bo consmnt 
(e.g. digital video) or variable (e.g. compressed video). The 

importallCC of lateucy andjittu al~ varies gres.dy. Finally, 
tbe d.Ua granularlty tml)' range from singlo wards lD tarsc 
blocb, A NoS llhou1d ba able to Qfmr diffetent serv!ces to 
difreff:11.t clitm. Bach scmce c1asa must be Jii1pre~nec1 
of'liclenlly, using a sbated mill'onn ~ 

A hip utlllzatiml ofdle·nctwarkcoinea at a price. '\VhCD 
the llClWPrk SlaffS to satnrate, 'lhrougbput and laf=cy wfil 

shOW huge VlldlltiODSt which is llOt acccp18ble in rcaJ-lime 
o.pplications. Hence, the nelWOik should $0 provide glllll• 

autees. ~ loss-lDSB dam uampon. mimmal banclwidth, 

.and bouJlded IA=cy, The way paekots me ~ and 

schcdnled in tourbrS, aml me e.li'ecoi on ~cc guar. - -
mtees .has been the i;ubjecc of hmmso R:SCarch. Fumla­
iziemany, sbalfng and ~ 4le o·mffki'iilS, and em• 
demty combining guaranteed trllfflc with best-eff'o11 lraffic 
Is hlltd [1 IJ. Although best-effort seniitcs are elle.apcr than 
gnarameed servit:es we believe ilnlt the IIIUcr am essential 
bocanse they eaable compositional am sealab!e JntegraJion 

Qi' tbe IP blocks [SJ._ n la up to tbs IP lntegrsror 11t design 
time, and 11p to Cho~ at run dJilo. a, make a ira.dc 
off'. ' 

4 Performam:e amJ cost amuysis of NoSs 

08.10.2002 

4.1 Performance 

Thoaggregatebandwidthofarommb:theprodiu:iofthB 

bacdwidthperport.BW,m,thearilyofiberoumr(nwnbar 
of po&). N. and a qliJization &etor, a S I ccmespondi.ng 
to lhe touter arbiuation schmne. 

BWtvatCP=aN BW,on (1) 

Wo discuss each in JUm. The b!U1dw.idth pet pmt is deter- · 
milled by the band.width of the link andtbe routcrdat:1 pam. 
In short: . 

BWPffl ""B min(BWl'ritl:,BWl'l'•~.dcrLJII"~) (2) 

wruimJJ is tho \Wl1h of the dam palh. 'Iha col%lbmed band- · 

width of the B wires of a.link is a r~ or lho la.yoqi 

cbaracr.c::risdcs (e.g. total Jeitgth). choacn signaling leeh­
mquc, and the budgets fct power, delay, and area: A fust­

otder3Xpfllssio4i'orlhe ba11dwidtb of arcpaated global wire 
0pmni21ld i'or poweNlelay is . 

1 
BW IIM& ::s 3 • 2 • a . F04 (bla;fsec1) 

s 
(3) 

wile= F04 b the de'lay of~ mvCilCr drivilig fotlf equaily · 

~ invettexs [4). rn a 100 nm ieclmolog)r. Ibis yields s 
Gb/s per wito uuder wor&H8S8 envirollmcma1 condiaons. 
Notice dial dto bandwi4lh of repeated glob3l wf#s ~ 
wilhleclmology because such Vttlres allow(Wll\'8) pipelining 

attbesegmell!S. 
Rmming the tOtJterdala path 3t S GHz ia no, fCSllllible. An 

aggmssive bUt realistic 1"que11cy is US OHz cmrespoRd,- • • · 

ingcheclockfreque:12cymSOkgaitBblocb l4J. ThcCti.tical 
.f,•:u,ao:, in !be !!!!!a r..!h !s th& N X II swi~h, For N up 

to 20 k mccm tfm 1.25 G& d41a rare, using N l~ut-of-N 
:in'8llip~ 'I'll m1axed denland on die wires of 11m lilllc 
can b3 used to tedrlco power dissipation ;ind area. 

Tbc utili1'.ati0?l factoi:, a. retiecta 1h11 off2cdveness or 
di¢ tcUter to resolve contendon en lb& lhlks. 'ltc queu. 
ing atratcgy, the qu~ si2cs. and The schedule algorilbm all 

stiongly inflnmu:e a. AccordiJlgly. many 411eumg policies 
'and scl1edllling algcritbms have been~ in the liter~ 
anne. Fat example, a = 0.59 for iqfinite fifo .Input queues -
widnmiformmdilldependenitraffic. (Vlnunl) omputqp.eu­
illg gives o = 1 under i:bo sami, condido1111, but Ill die 
COM of larger queues Gild a more c:om.pJc.Jt scheduling algo­

rithii1 [8]. Stade ecbe®ling teclmiql.lCS Jim (~on­

multiplcxi:d) cin:uit switching can also hnprove the \IWiZ!t­
tiQIJ &.ctot. 

'nlD vision otprcvioull seations iS lhat the desisn of fu• 

NtO SoSs will allow IP blocb to be plugged in at Will to 

IIUDUl1if.e COJJIIIIIUUCil1ion costs. bqt Widloui today's pmb­

tema like timing c:lo~ In this section we mvestiga-ie Che 
cost!m_plieariom of ayst.em dcsipbasedonaNoS. We hope 
the vision comes at acceptable emf. We .hope that lhe over­
all CQstof alf~S.~tu4,int !he run~ ~to uso it, 
qim Ollt IO ba acceptable such tlmi the mtcgtlltion blesshlgs 
ofNoSs do noi ellangG into a cost nightmam. 

H~ in 100 nm tecbDOlogy, the b:uldwidth of a 32 blt 
. roµter pa+i is 8PPI(lldmately 5 GBytc/sec. 

3 

Three main components contribute tom a.tea co~ of a 
.router: Cho switch. the COnlrol logic, lln4 ~ -packirt.qaeues. 
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ThB 8Witc& allows N .uaultaneous connecliaxlsfrvm ~ 
N inputs to Iha N omputs wbim.n:suhsJn B mraysaf Nx 
N was. giving rJse roan O(IP) area ocst. 

Tho contmJ logic ot a muter ls made Up af tho switcb­
Imwix schedulo llllit and otbe:r conil,gutalion logic. The 
delay of a schtdul: cycle VlltW gready per lllgorithm 
(fer OlWll.Ple, for vitlual OUfRUt qneain,g timn 0(1) fO 
O(N8/2) (9)): it is fmporllmt for two reasons. J.'irst. i& ~ 
rennmes the lower bound .for Jateatcy that a flit! incua to 
uavena die rout= Seectldp .it affects lbe size of tho q11e11eS, 
The longer a~ cyclo. tbc more data anive, giVm a 
=4 bandwidtb of a pon BWpon• 'lbfB leads to deeper 
queues, and fdshcr area cost. 

'lb three afotcmendoncd queuing strate,lics require 
queues of 11izo O(N) to O(.N2) fliis. Scbetbillng aJgoritlsms 
pedormbcnerwithdecpB?queum, withadcc:reasmgrcmm. 

Beifdesrouters. asf,gnifiCSJ1Eammwof'am:ib ~ 
by so-oallcd m:twork ~ (NI) modulos. 'l'JiellO mod­
ules b:anslarc tbe IP bllDSadfons for a given connecdon to 

. pacbtsthalatescmtov«Chclletwmk,andvicovcma.Pilck,. 
eJS cen· be sem cmce rho payload 1ia., been comp1etcly ac­
cepted by Ulc NL Henco, die bidicra Dll1lt be dm=sioaed 
such that. ac ~ a complete packet for every ~ 
aualy IICtivo comsecfion Clm be stoied. 

The iradeofi'beiween utiliadon et and 'Ille cost ls a com. 
· p!ex one. but of hnponam:erolhevJab.flky ofNoSs. 

5 The fn1m'e role of busses 

Io sccdOJlS J and 2 we have m:ped rlW NoS11 aro ossen­
tull r.o solve SoS intagratlon m a scalable fashion. While 
Section 4.:! raised SOQlO pd cost isslul.!. we will now 
mom co.DC:tt:tt.ly consfc1er die crade ofY between biusea · 
and NoSs. Will ~ed NoS.r aomple1t1ly rep!m:e 
c,,q,rent busaa t,i foture SoS:,, or wJl1 a lr;,brld approach 
e.merg,e? We beffc.we lhat shared busses ll28Y haw a role 
to phly in firSt•Jmrel conmuuilcadon (B in l!iguze 2) Cor the 
followfng reasons. 
· PlJst. typical IP blocks undcmtiJbe the bandwidtb ca­
pacii.y ~an.lndividllal ::outer port. AD .router9Qrt9 of&rdlo 
same baildwldth that is .inbmmltto tbo IIJChiteotuto. whereas 
me bandwJdtb n:qukements of lP bloeka varies greed)'. A 
shan:dJJleil!Oll' module iieeds typically maoh!dgle.r(peak) 
bnndwi4tb than a sl:maDling peripheral de~ Siilgle WOt!f 
lmllSfer:i, wrlablcbitzates. butsty IO, andmuchlow=clock 
ni:cs far JP blccks dum for dit, NoS futlhcr wascc band­
width. 'mia mcaos tbllt lhe conln:Ul.Qh;11tion needs of n zmm. 
her of IP l>locb can be~ using a bus before thG 
c:apaci1)' of a network link is reached. 

Socond. network.mterface.9 am.lll0rem:pensive flll reims 
of iuea) thlUl 4 bu9 ~¢Ip~ Using a bus as a first.level ttat-

2fllt ~ tor IIOIVCQ1111Glltil:ir. 1111, 11Qm1g Janfotl otda lmullcd 
per srll~ ')'Cit. A~ la dlJCOlllpDlelliJI lltU. 
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FJgure 3. AS118red-ruedfum J3us seems a cost­
effective 'flay to co_nnect ~e IP to the packel,­
swlt.ched network, . · 

lie collCelltrator. tradµig bus adaptors for nlltWOdc intartiices 
tbus redl2c:es t1io over.ill coGt of'-IP-}ljoS .i:utmfi:ciag. Wa e:x~ 
pect lfuu tha overheadof'a bua amt fts nelWOl't~ am 
cvtweighed. 

FJnaDy, tho nmnbet of MUfetB is mdw:ed sfgnifk:andy 
when busies amDSedll:l lbs first-level~ Rom:e:i, 
am larger lban bu$ses .due to their pacbc queua& and mote 
campJex scbeduling. Wo givoan example below. 

Au example otthc ~ colJUTU1llicatiml DfC!li­
tectqre is depicted in Figure 3~ A router of llti~ three~ 
mumledl)y twelve IP boCb .is shown. Two~. 
busscs, eacb cmm:cted ID siX SOie gare& IP blm:ks, commu-. 
nicatc with the roaw via 1W0:110tWOfk ~ These · 
have tw0 fmicdOJ1,: 1ir$t they echedwe the lnlllsactions on· 
dm bus. and second diey glveJlthe \)U9 cthmta acccas to !he · 
p:dilt-swifched aetwozfc. ThG .tbinl p011: of the iomer pro- . 
Vidal COJnmunicati~ co the rmii:ifnder of lhe IIClWcut. Big-·· 
l2nS 4 shows u archltecmm ~g Qn1y :routm$. Now three : 
f0'11tm or an~ ftvoand om, of arlW four:p needed. 

'l'ho suggested sbamd~ bus bas aleos,haflSkA, 
wl!ete .A is haitol rhc hmgth of aminimlll ~ Global : 
wire, oflhis ]engdl wiD not be lhe bolt!a~ of bua ~ · 
lonmmce.111 

'lb feasibility ofhymidNoS.s hi;iges on &he.rigflt.lmpJc., .­
%1tenmtion of the bUSSl:ll. Fim. rhcy must be ·shared wires. 
u opposed ta swttcbes. &;aond. their m:bhrati011 mun be 
cambmed.or atleaat,::,ampaliblewiffl. tbos~raking 
place hi the ~k imerfaccs, to offcrWDfmmmd-<0-end 
nelWm'k services. 

We see a fumm far hybrid NoSs, wf!h fitat-lBvel comm. 
nbtion over a sbared-mediwn bus. and theJliSberlevels us­
iog a. pack.el-swilx:lled netwark. Pemnps a pacTl::eWwitDhcd 
m,tworkcanboseenasadistdbutedandscalablelmplenlen• 
lalio11 of a logical brldgetbarconnecra Dll tho Jocal busses of 
Uie So,9, Deciding how many IP blocks can use a Joca! bis 

!IMJnlmum-d::lnyw!ill~~a~or~wmseam=s 
Opdndml ftl: pcw,e.-di:lny pmdilct bav6 D Ji:ni;th of 48JcA. 'Ib:ae klllllltl 
d!,11/ilb a:dmoJogy lllr.o !IID lldgD of SOkl>loW [4]. 
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Figure 4. IP ta IP comlllLlnicatlon based on a 
homogeneous ralltet network-

befom can11CCling to ~ tWtOr netWork is a question thu 
must he answered foremost. 

6 Comlusion 

We llave argued in Section l that iawm ~ on sm­
con (SoS) wm be composed of huge numbers of process­
ini; uodes (or IP bJocJcs). Each processing node Ja·~ 
lively small (50k gate.a) to i:Cl\lo Witb ~gy. and cm 
be handled by CAD tools, asmrmng their evolmionary bn-

. - · pmvemcnt. The inten:Olllleci and commucleadon bel.ween 
ibese blocks then becaIIteS IUl CSSCDtiaI fun~ fn Itself 
(Section 2). leading to netwow en silicon (NoS). A No.5 
is based oil packt4 switclwtg 'CO flaldbly sham link capacity 
bctWeen. the iietworkcliellts, and to pmv14eplurifarmaim­
nmnh:adan services ovBr a urllfom, irfrnsnucnrro. Bolh ef. 
ticleney.pmvidedbybcst-eff'~IT-\ffic.andpmdictablcpcr­
formance, such as guaranieed throughput and Jitt=cy, era 
im,ponant(Scction3). BtJlcieDily combmin,g lhemis II ohaJ.. 
leuge. Section 4 ~ed d:lat die~ of aNoS d&­
pends on many racioni. bptis oxpccte4 to be hiAh- Tlm cost 
of a NoS can be smfc4.ln ienns ofama ~ celworlda• 
1Aa:faces). utilizationofwites. andspc:ed(IaJ.eacy). Tlmycap. 
be traded of!asamstone ll?IOther. bm al!io,~momin­
r.ca:stingly, agawt the cmt of bums. A flybnd Nos ming 
shared-wire busaes tc> cmmnunicmc locally. and accwn111at­
i4g traffic for a corc.l"Otlfm'Petwotk is a promlsingatchitcc­
nue lhat dBServ~ to be invostipted. 
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Trade-Offs In the Design of a Router with Combined 
Guaranteed and Best-Effort Services for Networks on Chip 

Edwin R;jpkema, Ke~s Goossens, Andrei ~dulescu, Jef van Meerbergen, and Paul Wielage 
Phllrps Research Laboratones. Eindhoven, The Netherrands 

E-man: edtlin .r1jpkema8ph1.Ups. COIi\ 

ABSTRACF 
Ma!lliging Iha COlJlp1eocity of desisnJDs cbips COJltllioiqg biliiaas of 
~ requm demuplingcouq,uratiM 1h!m comnmniclltion. 
Far fJle mmrn~liO'\ acalllble cad compo&ilional ~ 
CAich aa net\Wrlm an c1dp (NoC)) mnst be 1l5Cd. In Ima paper-ws 
sbGW.l:b:lt ~ seJYiCCa me esecnda1 In achieving this dB­
COlll>linl- Guarmtees cypu:ally come at die c:cpi of inafiicient ~ 
somcc~ 'Rlacbievaeffidency. they muatbemectm ~ 
tdna!lim. withllc:aHfl'mtse.rvices. Wedasc1ibe 11NoC ~ 
that ef6cimtly combmea aua:ant=d :md bcakffoit SetVil:Ca. The 
~ B1,emem of wr NoC ii atoUter CODsiltfzlS mm::epnrally of two 
parb:_tbaJO-CAlled~Cbrougbpat(OT)amlbelt-effort(u) 
roulEzs. Both Dflilrdala inlegmy. Jossleaa ml m-o:der cwa dmiv­
ery_ .a<;ddirfauully, ttio GT IOUIBr offers~ thtOVgbpol: and 
J.accncy services. W&cmiibmetheiGT andBl>IOlllCi'architecturcscf• 
fideatly by aharlDg fO\IW' ~. eDllbling Jdgh link 11tilif.aticn. 
'Ibo~ are never afrecred by d19 DE lr.dilc, and liJlb qrc 

eflii::imlUy Wlllzcd bec:Dura BB CrafBo usei. an 'bandwidth left over 
from ar uafliA. CatmeClionS am programtllQd ~ BB packet$. 
1bo ~ model is robasc. ~ amt distr1vtled rt 
m;iiiblesnm-dmaand~ ~-~~ 
nectio.llmauapmllDt. Fotall®rlll:Cbitocmral clKlkes, we aboW !be 
trade offs between bard\Vata ~ and et!ldr=y, and moti• 
YatO our ~es. 

L JNTRODUCTION 
. ~ad\'masin~iaisi:t!zecbaDeagsofmamigmg 
~~ of~cblpscontaiDlngbillionsot~. 
A:tc.y.lugredieatin lactlbJg tllis allaDcnge is ~ling du:~ 
pllllllion/fom ~on [9~ ISJ. 1llis deeouplin3 IIDows ll's 
(lhe c:ompttation pill). 1U1d me imerc:mliieci (lJ>,, C1'1111DDlnicalim 
p;i:t) to'kclesfpdindependcmlyiiom eitdlo,hcr. 

In dm paper. we toeus on tbs~ part. Sllialing in­
tetemmccts (e,g,, bPSsea) may DD Joi,aet bi:, .fim11,Je ibr cllipa With 
many JPs, becaUsC of the diverse and dyDamlc commmnc:alio» ro­
qufremeats. Nawarl:s m,,achtp (NoC)are emcrsmg asq aher­
nativatoexistinaon-cbipintetcoDnects becavso d»y (a) stniauro 
and maaap global wile$ ill :imW deep-submfcran lllclmologiea [2, 

3, 4. 6J1 (b) sharcwhcs, Jowermid!eirmmiher iuulmcrcaaing tbeif 
utilization (4. (i], (c) cm be etJf:llY ctliQeDt and re1iab1o ~]. aJ1d 
(d) aie scalable whim co~ to traditionlll buasea L'7}. 

~ to ms1:e dlJiJlll "'llll1'd cap1ea at an «put or !his wlllft for 
pez,m,alcl'elasstQOlD UC is Sl"ftlDd wflhO!lt £= pnwi,!"41hai ~ lllC 

II01 J112dti or~ :fl)r proGI GT mmmerml MVlllllDP 1111d WI copies 
beqr~ncli~ and tlle 1bD ca"rqtipu cm thD ilnt pai;o. To copy O~!e. ru 
i:qmblim IO POJIC!l saYeis or to lllllimlbln1l ro fmll.reqlliles ~ &p=ific 
pcrmfSBSOll =4/ot a.~ 
~ 2001 ACf>IX-'XXXXX•~'X/JQC/XX _£5.00. 

Deeovpling tlle compma!lon fl:om ~icadon ~ that 
se:vites dull IPs uso· to cOIDJllllDh;ate Ca) am well-defined, IIDI! 
(b) hide Ille io,pl~tion ~ of dlD ~ [9) , ~ 
Figure l(a). NoOs ~ hetp, ~ lbey arc tmditionally d=­
signed ming J~ pmtoccl· sracb {14], wham each Ja.yu pro­
vlcle.1 a weD-del!Dedimezfilco wbkhdecoupk:s semc:ouaagefrom 
semce implr:mmlaliou (IS, 31. 

la panicular. ~ #1Vi«s - essential because lhy 
make lhomquireme:lll3 cm tbs NoC ezplidt. lfmsiimitiag Ille possi­
ble intbractions (astru:terc:ontmci) of IP. with dlocommunicarion 
em1rOnment. A$ a i=ult, JP de8ign fs &imp~ 1Pa cm ll1so bit 
dedgned indep=<fently, because dm ~ mrvicea arc DOI 
amctcd by die inte&connect «by olbBr JP,. This Is ossentiaJ fora 
oomposldnual ~ (deaip apd ~ of Sl'8£CmS 
Gllddp. ~ 1br gneranreed servlce&, failqres in~ 

to Illa IP cDDflp;ilion pl!MB (a serviCO-RqlZl!St is either p!Jlled err 
denied by the NoC) wJw:bsimplifiea Ibo IP programming mode (6). 
Wollie.w !he~ scmci:s ID he oirmdby IIJl~t 

au~ fmm tho app1icaJiom. sec Figme l(b). · 
The drawback of ming ~ BeIYices is tll8l mey requim 

ICllmm:8 iesemitlon 1'ar ~ ~ Aa a. c:cmsequence, 
!eSllurcea ~y Dal be eflidcmiy uUlized. wbk:h ma, not be-ao­
ceplablo ma system Q11 acbip wbera cost ccimm!nts ate typically • 
fflY light, see Rgiw l(c). 'lb DW!DOmC Ibis problem. besz.ej/(17t 
#TVil:es can ba!JSlld for le&s c:zitiClll comm~~ 
co 1illJy milize tile a\18ilahta l'B$0llZCeS. Usmg beai;etron amvices. 
~ p?OVidellO 8Datm1Jfa . 

A compttmdSe belweeD using gcarantees only and liavmg an. ef­

~e:nt ~ ... ...:,,<:! .1s ~ ~-~-and ~4'0tt Im'". 
Vice& u....---.trllffic.9IKiul4iiacbe a1l"ected by ~orc'imf- . 
fie, while bea-elf~ uafflo 'QlaY use au !he msomcea mit med by. 

T, 
~ 

(1,).,(c) 

figure It Networkser,lce,(a)lddatbein1ercolUleddet.:11l1111Jld 
allow ~'ble ~ to Jle lmlld on mp or tJu!m, (b) am . 
dlivm )Jy die appllcatton rapilrmnenta,, (c:} tbelr offtdenq ~ 
lies on tecbnoloa and 112mrk ~. and (d) am hlu14 
mtng a layered. awroodt. 
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guazante.ed !raffle. Cluar.mteed smvice& would then be llSed form& 
critical Jraffio requirements, and beSt-efl'ott servie&s fornon-cr:itical 
lr.Ifflc requirements. 

In i:hill paper. we first use a set of netWcnt,,uidependent commu,. 
Dicatkm sem~ tlmt me essezwaJ iD chip design. In the following 
SeetiODS. WO show the imlfe,.offs belween efficiency aud coat tbar 
we make in oar NoC. rn Secdon 3, we pteSellt the l:mde om and 
take decisfans OD neiworlc,.reJated issues. rn Seclicm 4. WO zoom 
into the inr.enlllls of rho key COlllpODellt or our NcC: a t'Ollter which 
efficimilly combmes giwanteed aud best.effort services.. 

2. SERVICES 
The mcreashig complexity of inregrated cin:uits. and the SlfOilg 

&1~to-madcet presSIJIC requiremadl1Jarcbigns 8IId IP reuse. D&­
coupllng computal.l.on from C('IIJlffll1Jricalion iD cllip design serves 
both th~ tWO ~ [9]. Thia decm1pling ia zaaU7.ed by 
defining MJllJ'l!mfcml~ lmdces that provide well-defined ser­
l'icu lllldhido the implementation details ofthe iDIEn:omlect. 

We show ID Section 1. aw gwrramec4 ~ are eascntia1 to 
simplify JP design and fntegmiml. Examples of sueh guaranteed 
serncea am tlala we,rity. which~ the data la dwivared un­
~ uu•Jus dilla dl!UvsJ,y. wbich meuis no d&l3 is dioppe4 
bl 'Cb ~ ilwmler data 4Ulivuy. which specifies tbac 
Ille mder in which data is ddiVmd ts tbe 881m order In wllich it 
lWJ been.scm. Otlier ~offertime.a1at.edbounds. llllehas 
mroug1q,ul am1 lalmey. 

Gll8l1mlEes ~ iesop:e reservation for wom-cass scenar­
io:;. which can bo expensive. For 11XaJ11ple. ~ tbroDgh­
put for a s1ream of &Ila~ re&erviDg baiidwidtll for ils peak 
throughput, even wbm itS awnge is D11Jch lowe& As a com~ 
queiice. whoa using~~ iw o1'tan DDderutilizcd. 

RcsGDtCCS am better ~ whe.n beat-effort lJllfdo is uaed. 
Bm-ej/tm 1t:l'Vke3do notressrve any reson:rces. imd h=>m provide 
DO ~ AS ll CQJJSegaeac:ie. Ehmr peno.tmane6 is diclafed by 
boundaey ctmdiliom, such as hilln'COm1eCl load. Par exampie. a 
coonectimJ ma,ybeeomctampomdlY b;S'/inaam~nctwmlr. 
if die aetwod: resolves~ by drapp!Dg data. 

Best-effottaervicesuse ~ well beca1lSe Ibey llI'lt t)'pically 
c!e,igncd for~ l!CCJJ8Iios as opposed to .wmst-case sce­
natios. 'Ibey aie QJso easy BDCl fast to use, as they require no re­
~ resmvaUon. Their mam disadVlllll8gB is l:bm ~tlhil,, 
icy: mie cmmot rely on a. givai ~ormimce CJ.e.. they do not offer 
gmmm1Eoe$). JD dm best case. if cmtafn. bQIJJ2dary condiliolls me 
1155QJ11e4. a simfstital ~ cm be derived. 

'111.er~for gum:antced services and the ef&teney con­
~(good~ utili2:atiD1l) are conflicting. But a lb8L ati,p 
to a prcd1ctab1c and low-cost~ 1B (l()Dlbmmg UH, guar­
am.eed 812.d bllst-efbt SClVii:e8 in die s.uno mtcIQmuect.. Quanm. 
teed servlce3 w01lld be used for ertCical ll'8fflc requirements, and 
best-elloi111cmccaforl!Oll-critic.aluaffiompiinmlents. For exam­
ple ll videO prOCCSSiDg IP will typically requite ll lo68le&s. in-mda' 
video stream With gwmwced dnougbput, but possibly aDows COI'-

. tupted samples. Another example is cache updates which require 
~ losslesS. low-1.arcm:y data aansfcr, bm amedllg and 
~ l:lmmgbj_lm are lcaS unpartallt. In Sccdon 4.3 we show 
bow cclllbhmlg guaramccd 811d best-effort BCIVlcm efficiently usea 
cmrunon reso'DlCeS. In theremiimdcrofthis seetion we analyze the 
mfnimuJp level of abstraettoa ai: wbicb the communl.cnion services 
mU&t bo Dffered to !lido tho Detwork intemals. 

'lndil:imlaUy. net'Work aervices have been implimmined amJ of. 
fared ming a layeffil pmtccot stl.ak. typically aligned to the ISO. 
OSI mference model [14]. NoCs also ~ this :ippmacb (2. 3. 6. 
15]. becaqse it suucmres mm decomposes ibe service inlplemente-

nv • .1.c::> ,-- ... r,:>.1. 
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fion, and the pro~I stack coocepts aid pos!~QY!~. 
To achieve the dec:oUpli:ng of computation. from eommunicatlou, 

Ille COJmmmication services DlllSt be offered at least nt the level 
of the lmlspOit layer fn OSI reference model. IC is the fitsl !ayer 
tiw otfers end.to.end~. hiding the 11efWQ?k details~ see Fi~ 
UIO l(d) [3], . 

The lowest th?ee layms fn the proiocol stack. Dlllllely physical, 
data-link andneiwot,tlayms, nronoiwmkspecific. Theterom. lhese 
ser.riccsshon!dnotbcwibletothBIPsifdeconpliagbetWeencom­
putationfrom MJIJJrnmfcation ill desiJed. However. tlleso layers arc 
easimtinl in implmmentiD,I!; dis services. bec:mse ccnstmctiJlg guar­
antee; wfthont panmtees 111 !he layer below iS dtbu very e.xpim­

sive, or eveu impossibla. Por exaqile,; hllplelllenting e. lossJess 
commnnicationontopQfalossyservfcerequiresaeknowleifgml:m, 
daJa tctnmsuussion, and .fiJ.Jering dllplicaled data. This Je.ads to a 
sigDiflc;sDt im=lso in. lrllffic. and also a cram oil between wp 
bufCer spaco ~ andhmg delays. Bwn W01'8e, pmviding 
su,irmuees for tizne..relotcd sen(ces is ~ if lower 1:t.yG 
do Mt offer these~ Par~ rhto\Jghpntcan not~ 
guaranteed if "O:anmmication at a lower layer is tossy.. As a con­
~ce, guammeea c:1111 only be bQilt on l"'P of cuaianrees. see 
Rguii5 1th). Similarly, a layer's~ is based on efficient im­
plcmcmiali~ of the Jayen 'below it, see l'isurc l(c). 

'11iBNoC seMCaS that we consider es!e1llial for chip design am: 
dam integril:y, Josslc,ss diua dcliVmy. iJl..cJra« deli.wry. througbput. 
;uid lalel1cy. Datll integrity is always simamee4 All tho other 
services c::m be ~ or !lOt. depending '1ft ~llalL (u the 
next Slldinn. we descrlbe briefiy haw tlmsa semc:ca lll'D pnnided 
by our NOC:. 11:ad in SeclioD 4 we desczibe m d:tail how our routicr 
archirecun enab!ell :m c1iiciam imp?ememeli011 of these semcc-s. 

3. NETWORKS ON CBlP · 
Cbmmtly. ihe jltCVDlent OD-cbip ~ ate ~ qi! - .. 

switches (lDJ. TlmsD am &i,,gle-hop ~ meaiung that 
lllere:isno storage In tbejntcrccJnneclj~ Scalable bterconnccts 
requb :amlfip]B !Iopa with stange fn ev,:cy bop <,cmtEr). Tbis in­
trodlll:ml 11 number of-u,w issues. which we~ in 1hb section. 

General compmer uetwoJ1c teaearch is 11 ma1U1'C :resaarch 
field [16) \l'&fdi bas 111a21Y iSSlleS In COlllmft wilh NoCs. &w­
ever. two slgniicant differences behveen comput.er rietworka and 
~ networks make tbe lmde offs in their design very differ. 
em (-0- First, iouters or sNoCaia moremsoun:e comtrained tba'1 
mose in compu=r 'llClWOik, m pa,Ucutar:in the c:ontto1 complexity 
l!!Dd in the amount or DlSIIIOJY. Second. c:mamnnfcation links af a 
NoC me matiVcly ahortertban lhosein ~zietWorltg, allow­
ing tigbZ ~ (networ:kJJowconttol) betweenroutcts. 

'lbme two ~ havo a ~ impacl on tho NoC s­
vice fmp]f:memalion. In a NoC. ft ill pos.,ible to solve this data ill-­
tegrily at thCI data-link layer m: a.low cost. Wa. tbetdcm, llSS1IItlB it 
aolved at the n:twmk ~yer and higher. Lossless tranSpmt of d:ila 
ia guamnteed by our routoni. However. to allow consumers slo\Vet' 
tbaaprodul:ers. tllenetwotkmaybe allowed to drop data al ilS edge. 

· Consequently, tho ~may c!lcose dtbc:rfor(a) a tmsiess coo.· 
nedion (i.e.. implemmiling B!ld-ro-end ffaw contml). or (b) a lossy 
l:OJIIJ8Clion (i.e .. wilh0lll flow control). rn-on:ter deJive,y I& again 
guaranteed by our router (Le., routers do not ieorder data~ 
ll gi"vlm input port and a gi"Vcm oulput pon),, End,,to.eml · ordering 
of d:ita. how~ bas t.o be provided on ll'lp of Ibis at the Jlelwcnk 
edge wben dam is transported on dU1'el'ealt mw:as wil:11 different de­
lays. Offering gmranteed Qd best-effort tbraugbput IU1d 1Attncy 
services iS n:lso imphm!enled by tile IO'llilmL These snutet services 
rogelher with th~ progrmmnmg model c:xplamed in Section 4.3.2 
offer nelWOrk throughput and latency BeIVices. 
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We identify four~ issues in the tfesign oftbe routcrnet­
Wl>lk architecture.. These me: tbe> ,wf1c1iing lTltJtk. Ttlllting, um­
telllio,r 1Y!Solrai"11. and network JfHw contml. Equally impD?t!W, 
end-tkntlf/D'fl control arid con,urum conJml are handled in mu­
NOC: a& llm DetWOrk cdge ~oftheIOUtm; we lbereforeomif 
their dlsc:ussion bore. 

3.1 Switching Mode 
· T.111, .fl'RlddnB mode of a network specffies haw data and tlO'PIZ'Ol 

am related. We dislinguish cJmdt ~t:binB mid pt:l:8r switdling. 
lndmnt;switcbfngdataandCODXmlaresepamted. Pirstlhecon­

htll is provilfed ro d1B neiwodc (conneclltm set up). Tllis rmll1ts in 
aclrr:Mit over wllich an anbseqaent '1al8 ofdie connec:tu>nis trans­
Jl0Jte4 1n Jlme.divisian w;ltddnc bandwidth Is shared b)' time,. 
dMsiarl mull:fpl=xfnr mm,cctfone over cil'CllitP. Citcui~ 
ootwmb inbcienlly offer 'time-re?ated ~ scntkes when 

. ~ 8I8 ~ cl)dQg Ille CODm:tfonset up. 
. In packet switdlmg data ii di'/idedbropaclrEa and every packet 

:i& cmziposedofacDQ!ialpart(lhe~ and11.darapatt(thepq­
lottd). NIStWmk MUtets m,pect. and possibly modify, !Im headerll 
of incoming paclceu ro swffch tile pmtet to die appmpriate out-

. pot port. SiDco ill~ ,wiCQ?ling the~ lltlS saJ/ c:onmlned, 
mm, is ao need fQr aseg.gp pbaae to aDocatD ramm:es. Best-eil'on· 
~ arelbcrefmelralW'ally~ by padretswildiing. 

3.2. Routing 
RDl#dlJg is tho d&temmilllion ofthD mllfe (orpatll) dm die data 

follows ftomsomca rodeslinal:iOJJ. 'I'llere mo two 'basic appioaclies: 
. ·. IOtllCB 1'0llling and doti,,adtm ,r,rdit,g. fn ilJllr'C8 S01UiJI& m& JJet• 

wodt fJ1JEzfaee ac tho amu= computa tu c:omp1e:c mum ta the 
dellfinaUon. In de$tmatioll wmirJg. only 1he uetwl>lk llddms of 
tbo desdnatian b specUitd, and tfl/~ tollterllelects l:bc apptOpdatB 
~ bll&ed ·on die addle5S. We, rer.=rto [17) far~ classes of 
routing ftmclitma. . 

JDcia:ait II~ l'O\UingJabsplaceatCO!WC1iou•up.f.e.. 
on= !«all data in diatCCll%rM:ction. In pactei ~g. i:oueing iB 
doae for fNf1rY incJMd,ial packet sent CMll' tl1e ~ In both 

· ~. sourco and destiJllldon routing are possiblel. We cuaently 
. c:misf4et IIOIJrCO routiJlg becaDso it u ~ of the router Ziel• 

WQZk topolog, w.bfchis not yet tlerenainecL 

: 3.3 Contention Resolntion 
WlleaaroutermtemplsCO scndmallipledafaimmaovm:tbe~ 

liJ2k at dJi, Slime limo t:tnUe1Zilan is llllid to cccm:. All only~ dma 
itmn Cllll oceupy a liQk at any poiiU m time a &elcclion among !be 

' contendIDg clala mmt bo mdo; tis plOC8$S is cailod cxm.lEili:foa 
:esohniOD. Three~ cxfat: llwfdiDgcontcntion. diupp[ug 
131a (on&oflhB~g dafaitmnia tnwmilmd.mdtllere:Dilin­
det' am deleted), and stbtd»Jing (or ~g) data (all data 
items 1118 seat ill nun; umm daia itaJia aro thclefom dela~ 

1n ch-cuit swm:biDJ; couraidon resoluJion rllba phu:e l¢ set up 
at the gimmladt.y or c:onnccticms, so 1hat data Sim1 mer dlfteteni 
CODneelians 4o DOC conflict. 'l'bus. dlLW is Ill) c:miteJltion dudng 
dlica~ ami liui&-nilaled ~ cmt bcgl"vcn. 

JnpacbtswirehillgcontemianJeSOlUtiontwsplaceat rhei:ran-
. lJJarlty cf lndit,idual pac:l$. Dropping pm:1ml:s is possible, bm for 

4 lossle$s &emC8 (a) ii adda ~ to lho llllt'WOdc (m:kpow). 
edgntf!IIIS, reP'Usm!ssion,, etc.). and (b) ii:~ ill1:l'C8scs !116 
llllffio becauso dropped ~zed k> bere:ieat. ThUII. scbeduliDg 
data.Is tll& omy temdnmgoplion. 

l'IV • .10::> r-._"'f0,,~.1 
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3A Network Flow Control 08.10.2002 
Networl;jfow comrol, also ~eel nmting DJodB deals With the 

limited IIDIO!mt afblJfreliagiD muteis 4Uld data accqiSam:e betwcc:m 
routem. In circuit switching~ me set up. 1m data 8QDd 
over these c:onni:ctioml is always accepted by tlsorout=s .:mdhence 
110 netwodc t1ow con1ro1 is needed. rn paclcet sw1~. ~ must 
ho buffered at eveiyroutecbefu?e they aiasenton. Became mutarn 
have a limited amount ofbuffeliaglhey llCCCptdaracQly wheo they 
~ emmgb space to store thofncommg dat:L ·. 

Them llR three i:ypC$ of flaw comro1. IJllDle1)' Sltlm atllffol'WIJl'll. 
vimitzl cut-dwu/ffi. and wottnl,o1,e muimg. 1n slD?e-alld-:t'Olwmd 
routing. ap • packer ts received anc1 &toredm its endmtf befo~ 
fl fs fo:mitded to the next rem.er. Thf8teiqURB srora&o for die com­
plllcB pamr, BDd hDp]fes a per-rome.r Jatezicy of at least tbe dmo 
~ far the romcr to receive d1o pactr,et. 

Jn \lhtual cm-rhlollgb niutfng a padw is fcNrarded_ u IIOo!1 as 
the Jlex:t rOUler guaramec& that the complet.e paDkec will be ~ 
oopmd. Onlywheliriogamnteetsgiven, dmwho?epacket.bstolecf 
in Pac romim Thus. virtual cpt-tzwgh mllting reqnfrea lmffer space 
for a compleie packcf. Uh W>10 and forwar4 mutb:ig, but 8llows 
:towm,.laieJley co:mrn»nica!:lon. ' ' 

In. woimboloro~ pacterp amspliiin ~edjllrR (flcnrcon.. 
crol digi1P). A 1h is paned IO lhB iieu =rcr wheo'UJat l'ODfer 
ru:oep111 thaE Oil, GW11 wllea thcloisnotenough buffirspace for lb 
cmaplerepaokei. As soon. as a mtof ll,Pacbc is sent over an ompm 
pott. that ompur: port is reserved fbr 1h'la ofdm p:iaket 0$ When 
the Br.ii filt of a pacht is bloc!ced dz lmHq Jlim ·can tbesetrm 
1= spre:ld over ll1UlCipJe ,oui=s, blockinc thf" m~ lmka. 
~ X®thlg ;eqmIC8 Ibo least 1>uflcring (bufer fDIS in8lead 
of pacicm) IQld also enows ~ COm!IIUQkation. Howevei. 
k i8 mme sezwtivc to deadiodc and gemnilly 11:flUICSinlowm- link 
~ tllan Yiit»a1 cut-tbrollgb IClltfDg. _· . 

Wo opiforwormlloleroutiugbecmm: itofl'c:s lqw Jal.ency. wbleh 
ts Olle cf oar lmgeted /iCl'Vfce.,, and because it bu ~ lowest cost in 
a=rms cf lmfferiog. wbfchb ~ ao-cblp. ~ . 

4 A COMBINED GT .. BE ROUTER 
Sci::tion2 defilles ovr~rs forNoCsiD-ofsCl'Vkm 

that are ID be offered, inp.:utlcular. bolb~.aud bOSl-efrmt 
services. 'Ibeprmomsec!foD in~ a:riumbe:rofR,c:llm':lliiet­
warking issues that will be built npou Jun. In tbo followiog two 
subsectfODS we show dw the ~ and ~ GetVice4 

• c:au au1ceptUally be cJesczibed ?l"Y two mm~ Muter mchilllc­
tnres. The combmalian or lbt:M rwo PJW ~ is effi­
cient lllldhas afflWblo ~g mocfe1. as dmi:alledm Sul>­
GCCli0114.3. 

4.l A G'l' Router Architecture 
Our guaianteed-dll'0Ugbpn (GT) IOurer mmt ~ ~ 

mped. lassiess and Ctdcn:cl daia lrmSfet, and bi>lb ~ and 
Jaram:y over a finite tima inteTvaL A$ mtm!nued elldfet. dma in­
regitty ts solVed at the dam,.lidc:Jayet; wedo not address U f~ 
Noda!a i&dropped by the GT routcrbccmUe we use A wdanlofcif. 
cwt switchil!g (described ill lhe ll8Xl secuon). Daia is lJIU!spozted 
in bed-size blot:ks, fllI1her e:qi!aillcd bdcw. .As only one block 
ia stored.par input ill tllC_GT ~ ~ J:emaip,O~ We 
DOW bull to die mete challeJJgm&: ~~namely 
tmmigbpllt aDCl Jaumcy. 

4.I.l Tuns-TtJlated Guarantees 
Larcugy is defiQm as thG time a~ spends in tho nerwmk. 
~ .Jatem;y, ~ means diat a womseaao 12ppcr 
!lound must be given tor this tmm. lmre we defino lhroughpu1 

Qualcomm Ex. 1002 
Page 163



PHNL021031EPP 

for a given produce:r-consumer pllit as tlle omOUDt of dam trans­

ported by the netwoik over a fimta. mred lilllo mfetvl1L Gtmr.Dltei>­
mg tlltonghput means giving a lower bound. 

· We ol>serYe lbat guar,mtel;ing latency .in a. lossiess router is dif­

ficult because cantenl:i.on ieqaires scbcdnling 1111d hence delays. 

G!Jisnlnte~ throu~ is less pmbtemlltfc. Ralerbasecl packet 
&Wildlmg (for an owniew see [18]) ~ SUJII"llJ!teed dllongbpnt 

avor a fimfOJ)Ciiod. imd~ a latency bowld. Thisbol11!dia very 

high. hOIVOVCI', mid tM elm of bllffcrlng ls ab;o bigb. Deadline­

based pac:ket switolling [13] off'ers preferendal trel!Qllent for pack­

ets clOSOfO flledrcf,adlbie. This allow, di&rmitial latency ,!J!l,llr.lD­

!iCCS (under cenamadmissible l1affic assumpltons), bllt also at Jljgb 

bufferCOQ?a. 
Ciradr switdiing solves lh8 C01lf.Clltion at set up, so !18tDml1Y 

providint guamnrecd Jatency and lbJJmghput. CircoilS cal1 be 

~ ID imptO\IB dm.nlgbput [SJ. at tllG =t of sddilimsal 
bu1i'ering andlateJiey. 'runo-division m11lllple:dngcannei:Zions over 

pipeliced dn:uiCP qddiJicmally offet11 Jlm"bility in bandwidth an~ 
cation. 'l1iis ~ a notion of router $)Ilcllr011icl1y, which Is Pol- · 

S11>?o bl,cmse aNoC ls beuercOA?rOllable dlan aganer.il nelWOrlc. 

Woexptam this vada1ionJn mo1'1debul iii thonexr.mbsertion. The 

associated programming model ia dllscrlbed inSec:mm 4.3.2. 

4-U Ctmtention-jrso ROllZing 
A iooier \l8C8 a slot ,able to (a) avoid comenlfan on a lint, (b) 

divfdc up blmdwidth petlinl; arid (c) llwitcbdala to tho~~ 

pat. :Eve;r,y slot mble B bas S fixed-sir.e time &lots (?OWS), and N 

flJutez ouq,uts (cohmms). 'There is a logical notion of aynchromc­

ityl all lll!l!erS ill ~ nstwmk are iD tbe same slot. Jn a slat a iit . 

mostaue br«kof data can beread/Mita peri:opUtlout:putpon. 1bc 

nmt slot (a+1)%8, lhereadblocb am written to lhllirap~ 

• mnput pons. Blocks thuapropazau, m :1 $tore and fonvanlfllslim. 

1Jlc lat=1c)' a t,lOQt incUIS per routel'iS eq,111) ID tlle dl1ndon af a -

slot. Bandwidth is~ in~ ofblack size per S slots. 

Thaenlries of tho slot table map ®tpnr.s to uipum for evmy slot: 

B(s, o) :::: ,;. All entry fs empty. whim t1lere ill no mservation for . 

fbatoutpUI mthat slot. No COilfemionadses became there is attnOSI 

Oil8 iJlput per output. Sending- 8. single input to ri:m1tipls OU1PUfS 

(znul.ticllst) i8 pllllslb1e. 
The slots ieseryed 1'or ablod: i!lOJ2gitspalh fxom SOQte& ?Odcsti- . 

aalion inaease bJ one (mo.Mo S). If slots is resetVed in a mater, 
slOt (a+ 1)965 lllast be RfflWd iii the nett rourm on die path. 

· ·"l'be-asafgnrnenr tJf slora m connectio11S in die aetworlc 1s 11n 0#%1· 
mlzation problem. and is descn'bed ia Section 4.3.3. SectlOll 4.3~ 

~ams llDW slota ~ mseMd m 111c network. by meana.ofbBSt­

effartpacbts. 

4.2 A BE Router Arcbitectme 
Best-efl"Ort ()B) traffic, can ha.Vlt a better avau,e perfinlzlanco 

tb811 Oifemi by IJlllll'lllltee services. 'lbi& d'Cl!Ond-1 DD boundaiJ' 
comfido1l$. sucll as uetwo:Jc load. ~ am ~ Besi­

effon ser,iices thUs fulfill oureflicialcy ~ but wUbout 

cfftdng tim&-ieloled ,Bll8I1IJltees. This section~ !ID aichi· 

tectiue for a best.-6ft"ort servieb with UDl:Ol'mpted. loSsl~.in-cm:ler 

datatmnspoit. 
lbs ronter efficiency is ~ced by both ils comple.uly and 

its •rnlf=iion. Tll Scahm 3 we bavo juslifum aur cboice for rout­
ing (source rout&1g) aud network flow c:onim? (wonnhDlc), Now 
wo d~ the COllkmion resolllt!Oxl schem1:1 chat is used. Ii baa 

two compmmits: buff'eriog and schedulmr;. OUrxonterpmtlltypes 

ahoW that the buff'eri:og coata dominllte tbe cost or tho ronmr, 'Tha 

mdn aade off in Sedion4.2.1 ls rhcrefote betWeen buffilrcosts and 

liDk uti.1izaS!o11, whicb are both crilical tcSO'llrceS. For the chosen 

1'1V • .1.o.:> 
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buffering strategy lln eflidem 119hedmiAg al~.~d ill 

Section4.2.2. lrlldiag offllnt utilizalion ands~ ~mp1exir:y. 

4.2.1 Buffering Strategy 
The buffedag Su:ltegy deiemuncs !he locatfon of buffers inside 

Ehe router. Wadislingulsh input frlerdng. olllputqr.teUif:c, IU!dvir­

trad outplll f/ll81ling. In the followiug. N ia the iiumbec of iuput& 

(CClllal to die tlllnlber of 01Jtpll$5) of the tcUla& We believe d!at in 

a balanced sa1ution !he rates at wbieb tamers and Jinks openrc ill 
mp!. Slower muten req.dral'l'IOII, bllfi'mmg. and fasteriouters am 

aotf~Je as links apemte all!Jab speed. 
Jn fnpuf cvzeumg tbere ia a smgle queue per iJlpat. resulting in 

Ille lowest buffer cost (N logical queues In N pby8iclI memoriea) 

of on three iipgmachos. Howevei; dne lo die so-c:iJJed heaa-o/­
line blDd:lng. for 1aq:e N neiwarlt milizalion samras:ea at 599& [8]. 

'l11ereforc, mpmqWlUiog .results.us weak utili2adon of tb links. 
Output qµeufng can incnlase lbe lmk mflfzatio1l to 10096 by bav­

iAS N qtteues ai~Olllpu.t. or /rl2 queues. witll 8SI111m¥pllyelcal 

~ It iS bcuet' to baW ~ latger.mcmcd!»i lhan moris 

smaller memories because tbe ovahcad of small RAMs is very 

bigb. Ov~ tho rollta''by a ihator N ro uae N memotit8 

fa llCt possibJe. llS argced previouaty, So the IWIDbcr of DWllorlta 

depends quadraUcaD)'on N.benco tAJfput cpaiog b POtliQ8lab1c. 

Virtual omput ~ (1] (VOQ) eomhfnes the adw.ntagiss of 

mputcpieulng anl!ompm queuing. llbas thB'bQffmogcmnplexif,y 

of input q\le!Jmg and the link:~ of 0111:pUi ~ As f0t 

Otllpllt~ there11reli2 logicalqueucs. bntthayaiecontbhmd 

m N pbysfcal 1118morie& as lhe-mpws es tor irqnit q11.C11fnf. For 
~ inpul itbe:iearc N queues Q(j, o). onemreachOutpnlo. see 

Figme 2.. Tllcroisatmost one wrirtlG thase queues. T4a difference 
between OutpUtand VOQ Js tho ildclitioml conscraim dmt tlieie can 

be ai mostono!=d fmlll lllisgroup of N qi:ieuea. (This 19lab!ed tho 

· -~ofallfnputqneuesoflbesairieinputtoomsmmisozy.) Tbla __ 

addilloual ccmstmiDthaBJO bomkeaimollCCOWllby tl!eschedn!mg 

100% linlc udlization can still be achieVcd. whexi N is~ (12}. 

We select VOQ because it combine& high link utilizatl.on witll 

Jllode:alebuffm:costs. 

4.2.2 M4lrix Schedrding 
1bla sectkm sbowa how link canteudon and mammy contmiicll 

(impmed by VOQ) ~ ~lved. M'AtdX scbeduling &OlVCII badt 

kind:i of CODienliDD by emnring that every VOQ inemo:iy i&n,ad at 

111D¢ ouce. and evmy.olttpJU (link) is Wrilten to oi moat mu:e. Tbe 

~ problmn cai, be modeled u a bipailite gnsph Pllltddog 

pMblem as 1'ollows. J!veiy~portils112odele4 by anode"' and 

every outputpmt o by ai:iode t1c,. TJmm ts an~ bcnWml ui and 

11o if acd onJy if cpue Q(s,o) Is non-empty. /\ mlltch is a subset 

ol'd!ese~ aach tha&ewzy110&ia~ ID i,tmoatoimcdga. 

For ~o. Pigms 3(o) is a matl:hofFigure 3(a). Tllomiiaber of 

cdges in thB match fs its 6i,:e; a match ii; momruil whm llD edges 

can be lldde6 to it. A maximWn sitt tnatr:h is a bi'gest sizc match. 

Altl1ouab aplimal, there arc tWO l'allSOP/l !lot fO COllSfder <UJly 

Figure 2; Sdlematicoh rollfel"~ mtrJal oulputqueutng. 
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lilgure3: The three~ ota lliagle iSLIP iteraaon. 

maximmr& size matcbes. Pust, JDllltfimim 1117.o matching algorltbms 
have O(N5l2) Qm1pl.aiEy. Sinco matdx scheduling is done at flit 
me lids is11ot r~tortatgc N. Second. mllllimmn si7.e IIJldl:h. 
mg algi:iritlm!S can be llDfair, which ca11 RSD1t in stamlicm, Le.. 
SOUie 4l1eDC$ am aeverscrwd. 

Tlle:o ate several ~llidwlg algolithnl&; sea [ll} far a thmDup 
discusa[cm. We seleottho lteratfv8 SLIP (.sLIP} maDix sc:lledulq 
.IIJ!Jl)ritbm. [11], beeause k has 11 !0lf' complexity. avoids swv.uion. 

. ,md provides mcreasing perfonnam:a as tba Dl1mbir of Iteradons 
AfOW8. ltmiches a maxflllD1 matchfn log2(JV) itaratiam. E\rr:n II 
singlefi2mdoncomidera!>lyawperlorms inpDt ipielWlg, amlcim be 
afiiciently implememcd In l!llldwlw. MnJtiple ~ in~ 
t11elafeDcyormacoutra1Plltb.amlheacedloflits.lm(asexplafned 
in Seetioa-4,3.1). We CQll8idiirusmg 1-sLIP because nmltipte irerp 
ations give Olll,ymqmal ~ 

Asingloist.IPitar.itfoD!wdnesteps. ~"IIStmtmby anexamph, 
fnFigqre3 for N = 4. Jn thofhatmge. see Pi,&ure3(a). l!!:if;Cynon­
empi:y (llleue Q(i, o) ~ access ro omgut port o from in»Ut 
port i. In tl!e sBCQDd Dp. see Bi&llR' 3(b), IMl1Y omput pon a 
grant.a om, reqaesi. solvmg ~ collkmion at die OUlpU[ ports. In 
tbelbhdslaga,~Jli&tge3(c), eveq inpmpolli~ Olla grziit, 
to ·:n,sa1ve memaiy ccmteJtiion at ti» input port. We cdeml iSLlP 
1o•DetWmk.llowcomrolimom:coUDt. 

4.3 Combining the GT and BE Routers 
The OT and BJi router M1,jr 11181 arc camhil!l:d to slime~ 

smnces.mpll1i~thelnb.mciriorim,audmtcllca. Mmeow:i; 
liest-eJl.'on tmffiG llllablei a packet-based Pff!grlmming model for 
Ole~ traf!iQ, as ~bits. m SeclioD 4.3.2. 

ThpdncipalcOD&1Dm1foracombiaeclroutararcbilecQJrcisEhat 
g,lar8Dllled seivice1.-0111Mll'n11ectedby~ semces. Fis· 
mv 4(a) ahows tbat, copceptuaUy. &ho comblPed router contains 
bolb·mnet ~ ~ linc8 ~t data trampon. thin 
lhies zep,"CSCIII comn1 transport). Jm:oming data la awifdled to ei­
the.rfhe QT ordle BE:our.et. 'I'M GT traffic (lho ~G tbatis sen-ecf 
by tho G'l' rout.Br) !Rs Ibo higher priadt:y, to toaiDtain guaramees. 
Thh is llllmml by the aibilmtion !Ulit. which~ aft'ecta.thc 
bi:atdi'mt JchecllJlin,g. Pilrdlllrmore, beat-etl'mt packl::C$ qm po. 
gi:im the gaarameed N\lte:r, u shown 'by tho anow hbe1ed pro­
armn- Thill liqm goiug :li'0m dlB dgbt to tho left indicitB nelWOlk 
flaw cmmaJ. which is only .ruqnired for bo&Hffmt paekets because 
guaranteed block& mYK tlllC01lnter comendcm. 

On a slimed lint. only OD8 BB w·Gt data imm can anive or ba 
~ai(ftJY pohltin lime. T.bus <Yr IIDdBBinemoricacanbeabaim. 
keepinstl11nmmllerofnscmmies1¢N, WilhN+N2 logic:ilqueue& 
in «,tal. Gigiue4(b) shoW3 tliat Ebe dam path consisti:ng of memo­
des IUldswitclunaaixi, sbared. and tbatthemntiol pattis of then 
ad GTtomem am sep.wre. yet imemdated.. Moreover, Pio lllbitm,. 
tion. UQit of Figure 4(a) llll 1-ii absorbed by die IIB nnii:c& Tho 
followmg subsection showi: how du$ cm be done. 

.u.1 Arbitration and Flit Size 
When co~ en and BS traffic in a siugle nmvodt th&.~· 

(b)lmdwarni~ . 

Yigqn, 4: Two~ of Ole mmbhted G'J:.BE router. 

pact on lb& network IJow control scbemc must be lalmu. lmo ao- · 
caunt. Recall from Seclfon 3.4 that a BB mt t. the &mAUBSt Ullit at 
wbicltllowcmumi is petfarmelL Ill ot!ler-words, the Bl!Sc:111:dqlinr;. 
ns!ng.iSLIP, can onJy react lo GTblocb a.tffit~ 'lb avoid 
llligDmcmt problem&p tbB bloclc sizO (B words) is a muldpJa of tho 
flits CD' words, widiB = tF). lis CQmltant; we peter a small I. IWI 
F to decrellse tile ~fon'lai'd det.y for gaaiameed traffic. 

We ~ll:a4 iSLIP to bandlo the combi:natioD of GT and !IB 1mffic. 
In tbis combiaatkm GT uamc alMya bas pdcrity over BB traffic. 
'J!Jisiatoemmedlat~arenevercampted. . · 

43.2 ProgTQ11111Ut1g Model 
In this seditm we show how a,, c::mmectio:tls mese1 up ad tom 

dmm bymmns of Ba packcm. 'l'o eima SCtllabi.luy, proarammfng 
mast no: rc,auim c?Obal or~~ Secsion 4.1.2 coc.­
P1ains wh)'onrccmteamon-freo muting mes slot~;~ uow :ie8 
1llllt Ibey am distflbat.cd OVrsr rontets fer scalabiJily; 

Initially the slot 1ablc of IMDY f01Jter ls amply. ;Ibis means that 
GT COlll1ectioDs can amy be setup using '.l!l! p~ unless mad· 
ditioDlll communicatfou inftasllllctUte ta~ solely for pro­
gramming. '1\\lo .special pickeu, Reset a Slal't..in med ro iesec 
endsrarttbBNoC.~- 'lbeypmgresa by floodmg, and ans 
not !iDbject to me usual 11£tWOrk 110W CODtrOI. We .Will not di&Cllml 
tbem tllrthe.r. Thtte nre tbtcc ,ptem. pad:e1s: Selllp. TearDown. 
lllld AckSsjJJp. They 1W used to pzogram the slot tabJo in cvay 
router on thei.rpath. · · . 

'Ibe Seti.Ip -pacbC is used to crea= a QDmeclion tmm.11 source 
to a destinuion, ml lraVda m the direction of tlie data ("down­
siream."). AdlS&HJp ac~ a sm:ces&fiJ1 set up, lUld flows 

. upstream. 'I'bB TsarDown pllCllret destroys {pattlall.y) existing con- • 
necUons. and can travel ill eilhsr ~ set0p·-pac:1cm c;oDlafn 
lhc SOllree of tba data. tbpat.h to tlteir desdimion.and a Slot"imm­
bm: Ewry muter along die path of die Se1Up pac:Jmt chscks if tile 
output to the nm router Jn t1l8 pam 1s rx- in the slot indicated by • 
1:11a P3cket. rt it 1s me. me outpllt is reservec1 m t11at slot. and 1:11e 
SetUp ~ is forwarded wilb au iacmmemed (modulo S) slot. 
Otllcrwise, the 8atUp pacbC hi discarded and a TetitDawn paeket 
ICtums along 1hr: samo patb. l'hus tf'letY palh nmst ha ffl'ers:ibie; 
this is the only llSSl1IDptlOD we make abo1n tile uetwodc topology. 
These uptllmam TaarOown pacbm ihle the Slot. a:ad CODlmue with 
adecrem:nted s1oL Downstream TearDawn packets work mmlarly. 
andmmove~gccnncctitms. AcamieotiCllisSQcc:emnUy cre­
aled w.heil qkkSG!Up fa n:i:eived, el6ea TearDawn ts received. 

Tba progmmmmg model is pipelined lllld,.com:ummt (muldplo 
syi;rem packet, can be QCtive in the UBtw01k ~. also 
ftolll the same IIOUnle) and clialrilmted (active in mllldpls l'Ollteis). 
Given dJ.o dialributed naiure of lhc pmgra:minrng model. onsuring 
conmstcIJay 1111d detemnnism is c:nidaL Ttia ourcomo or program, 
mtag.may depend on t1le execution Oider of ~pa~ hl¢:ls 
:iiways conaistimt. ThBIIGXt scctfonahows.bow ro me lhc pmgmm­
ming modd. 
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4.3.3 Slo't Allocation 

This sectiOII. explmn8 WlllfS to determina the $lots specified in 
SatUp packi:.ts. A slot allocalioil for a single connectims ~ 
tbnt. ai eveiy router along tbe path, the required output is fr= in lhe 
appmpdate slot. 'I'.l:iere!ore, inferfelence of SetUp packets of llllll­
liple coDilGClicms can be complerely a1'0ided if collllectiOI13 are se1 
up with cmrlJiet,.ftOe slots or paths. All e.xecution orders of Se1Up 
packets Chel2 gi'IB the same result. 

Compw:ing aia op1imal s1ol allocation is complex and requires a 
global netwolt view, 1' can be used only for small problem in• 
slmlce$. ~ red~ cmnpDUUitmal cost, hclmstics can be used, but 
Im$ probably leads to non-optiJilaJ ~lluicns. Compile-time slot al­
locations fIOm batb approaches can bo recreated deternrinistil:1lllY 
atmn!hD,com:mremlyBDddlstn~y(becausoaD SetUppaclc­
ets am conflict.free). 

Al: mn time. a global view iequbes a ce111rali7.d slat aUocatlon. 
Tins impsim scalability and slows 4owD pmgmmming. Run-lime 
c&mr.1x1fcd .slot allocation is scalnl,Je, tllllt lacks a global view. This 
typically msDlts in suboplimal slot allocation. Moreover, SatlJp 
paclmts mayimemra, mclkingpmpmmlng mom involvea, and 
perhapa ~ HolVever, dymm!fc oollllCClion DIIDl­

ageaieuf. at lliOh rates will requite dislrlmued slot Dllocat!aft. Ill 
a simple ~lributed greedy algodtbm. all somces ~Y gen­
erate JBDdom aloi: Dlllllhers for each sei up 1lntll their comiectlon 
succeeds. 

Wo canrlude diat our programming modd. ailoWs botb compile,. 
time and IUIMhDD s1oi :illocmion. Compumtfonal cmqilezii,. de­
rm:mmisdorosulis, mds~cmbe balancedaa:ordingto sys-
tem requircmmm. . 

S. CO~CLUSIO~ _ 
M;aiagmg tbe complexity of desigu1ng chips c:onbining billiCllS 

of tramiston ~a ct=onplizlg compuzation fiom oomrnmrica• 
lion. For communicatiOit. ne~ on cllip ~oC) lttlS emerging 
as 1111 ~~ for udsting ~ !C> salw iecbnn1ogfcal. 
per!anzmnce. and 6Clllability problems.. 

In tbls pap=r wa show that guaranteed 8CIVices am essential to 
providoprec1idabla~c:ts thateaable composllional aysrmu 
design and lmegrmicm. Howeuer, guarmitees typically llti1m re­
scurc:ei; inefficicatly. Be#-dfort semces overccnm Ilia problem 
but -provide no guamtees,. So, c:ambin!n,g guamnteed 1111d beat.­
effort sc:l:Vicas allows efficl.eiitresouim udlfzariou, yet still provid­
ing ~s t'orllritieal tmmc. 

'lime-~ gaamntces, such as dJmughput llJl.d latCJ1C.Y. t:aD 

anly be COQSIIDCred ou aNoO t?l:itm1riDSil:ally has thesop-operties. 
We, tberefoJe define a ~NoC ~ thatc:ombhies 
gwmintee11 and best-emm servkes. Thus. Ille romcr arcbit.ecture 
bas conceptually two pans; th& gmumiteed tbmllgliput (GT) and 
besl-efi'ort OIB) rmiiers. BOlh ofter data integmy, lDssJess data de>­
Iivci:y. mid m-order data delivery. Addilionally, the tYrromeroft'erii 
goamnteed tlllonghpj!t ~ latellcy $ervices usillg pipelined cimlit 
switobing with time-division multiplexing. 'Ibis requires a. noUan 
of syncbramd,r- aieach time slotllt mostom block of data.is com­
ll1\1Ilicated over a 1Ink. The GT router haa low latency and JDDdmt. 
l!Ia me?IHl1f ~- The BB IOuter uses pacicci switching. 
womlhole IOllting. and virtUal amput qneuing wilh iSUP. The BB 
raiuez ba9 lGw latency, bigh link IIJilization. and moderate memory 
~ 

We combine tho GT :md BB l'OUfCr ardmectni:es efficiimlly by 
sharing rout.et tesourcas.. 'Die ~cos am niNer affected by die 
aa lmfl'lc. 111111 link& am effic=rly utilmd because .BE lr.dlic uses 
all bandwidth k:lt over by GT tnlffic. Cmmections are pmgr.immed 

r,u. J.C;:) ,:-.;:>.L/;)J. 

051 08.10.2~02 .1~:21:1 

using BE packets. ThB prosmmmmg model i~EP~ 
and distributed. It enables run,.tima and ccm.pHe.~~\e6n!nJs-
tic llI1d adapliv& comieation uumagemem. 

For all cur architectu!G llllDices, ~ show tflB ttlldo offs between 
hardwam complexity aIKI efficien~, aml molivam Olli" clHlices. 

In coJ1CJ!isio11, wo descn"be and mo~ a combmed gomnt~ 
aIKI best-effort muter. which fs an essemiaI component in a NoC. 
k fmfills C!!It' requirements by providmg goaranrccd services. and 
satisfies the efficiem:y constraml by good resoun:e milizU:ion. 
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1. Integrated circuit comprising a plurality of mod'Q1es, and a network arranged 
for transferring messages between the modules, wherein a message issued by a 
module comprises first information indicative for a location of an addressed module 
within the netwoIX., and second information indicative for a location within the 
addressed module. · 
characterized in that the first and the second information are manged as a single 
address from which the network deteo:o.ines which module is addressed, and 1rom 
which the addrei;sed module detennines which of its locations is selected. 

2. Method .for excbanging messages in an integrated circuit coinprising a 
plurality of modnles, the messages between the modules being ercbanged via a 
networ~ wherein a message issued by a module comprises first infonnation indicative 
for a location of an addressed module within the network, and second infonnation 
indicative tor a location within the addressed module. 
oharac~ in that the first end the second:infonnatiou are arranged as a single 
address~ which the network detennines which module is addressed, :Qld. from 
which the addressed module determines which of its Iooations is selected. 

3. Integrated ci!euit comprising a plurality of processing modules and a netw~ 
ammged for providing at least one communication between a :fu:st and a second 

· mdule, which communication channel support, transactions comprising outgoing. 
messages .from the first module to the second module and return messages from the : 
second module to the first module, characterized in ib.at the network manages the 
outgoing mi&ages in a way different from the retum messages. 

4. Method for exchanging messages in an integrated circuit comprising a 
plutality of modules, the :roessages between the modules being exchanged via a ? 
network, wherein a comm.wtication ahmmel through the network supports transactions 
comprising outgoing messages from the first module to the second module and retum 
messages from the second module to the :first modul~ character.iied in that the · ' - · · 
network manages the outgoing messages in a way different from the :retum messages. 

· S. Integrated cheuit acoording to claim 3. wherein the network has a first mode 
wherein a message is transfen-ed within a guaranteed time interval, and a second 
mode wherein a. message is tnmsfeaed as fast as possible with the available resources, 
wherein the outgoing tl:ansaction is a read message. requesting the second module to 
send data to the fir.st module, wherein the return tran.sactlon is the data generated by 
the second modllle upon this request, and wherein the outgoing transaction is 
transferred according to the second mode, and the retum transaction is transferred 
according to the first mode. 
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6. Integrated circuit according to claim 3, where.in the network allows at least · 
two of the following transaction mod.es unordered, locally ordered and globally 
oniered, wherein an tmordered transaction mode of the network gives no guarantees 
for the order in which messages will arrive at their destination, a locally ordered 
transaction mode guarantees that messages sent to the same destination will amve in 
the same order as they were ~ a global ordered transaction mode guarantees that· 
messages will anive in the same order as they were sent even if they are sent to 
different destinations, wherein outgoing and retum transactions are handled according 
to different transaction modes. 

7. Integrated Ctirouit according to claun 3, wherein the netwm:k reserves a mst 
and a second bu:ft'er sp~ for the first and the second module respectively, the 
bufferspaces having a mutually different size. 

8, Integrated circuit comprising a plurality of modules, which modules are 
arranged to commumcate to each other via a netwc~ wherein the network is 
airanged to disln'bute a message fi'om a first module to two or more second modules, 
and wherein the second modules are arranged to genemte an acknowledge message 
indicating receipt of the message from the first modllle, 
the network being arranged. to generate a single return message to the first module, in 
dependence oftbe acknowledge ~ages of the second modules • 

. 9._ Integrated circuit according to claim 8, wherein the single return message 
indicates that at least one of the second modules bas received the message issued by'. -
the :first module. 

l O. Integrated circuit acoording to claim 8, wherein the single retum message 
indicates that each of the second modmes has received the message issued by the first 

module. 

11. Integz.:ated ~{~a ~p!urality of processing modules and a 
network. the networlc comprising a second plurality ofnodes and intercollneoti.ons 
between nodes, the network beiug arranged for ttansfening messages between a first 
and a second modules via a path through the network, the processing modules coupled 
to the network via a network :interface having a buffer for receiving incoming 
messages. wherein a message from a first to a second module is not initiated until the 
buffer has sufficient space for receiving a return message from the second module. 
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Comm11nication Services for Networks on Chip 

Andrel RidQlescu and Xees GoollBCll$ 

Philips lleseateh Laboratories, Eindboven. 1b.e Nelhorlands 
Email: andrei.xadulesculfa:es.goossens@philjps.com 

}fetworks aro emeigmg as a poi;sible salutlcm for ~ 
clpp mtercom:leCfS. m thi& paper. we descnl!e how net­
wom on chip (NoC) are similar to and differ from 
both off'-chip networks (e.g., computer neiworics) and C\11'­

rem on-chip ~ (e.g., buses). We re-ar.amine 

· the c~uuication services in the context of NoCs. We 
provide services tb4t abstract from :network implemellt.ll.• 
tiOllfl. enabling a clean separaiion between the NoC ;md 
IP blocks. We define a requost-iesponse transaction model 
similar to boa promcols, malcing our 8PJJ?Oach back­
ward campati"blc. To exploit the full power of NoCs, 
we Q]so pzovide ~riented commll1licatiou with 
differentiated set'Vices. Example.a are baudwidt!t gwu,in­

tees. ti1U1Stwtion orderlng11, aud end-to-end flow controL 

KS)' Wom: Net\\'Orks on ohip, on-chip buses, c:ompmer 
netwodcs, commumcation ~, pnrtDCOl stack. 
transactiOD. ccmneation. 

OopJrigblC7.llOOIW Jtfmel~lml. 

08.10.2002 
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