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1. My name is June Ann Munford. [ am over the age of 18, have personal
knowledge of the facts set forth herein, and am competent to testify to the

same.

2. T earned a Master of Library and Information Science (MLIS) from the
University of Wisconsin-Milwaukee in 2009. I have over ten years of
experience in the library/information science field. Beginning in 2004, I
have served in various positions in the public library sector including
Assistant Librarian, Youth Services Librarian and Library Director. [ have

attached my Curriculum Vitae as Appendix CV.

3. During my career in the library profession, I have been responsible for
materials acquisition for multiple libraries. In that position, I have cataloged,
purchased and processed incoming library works. That includes purchasing
materials directly from vendors, recording publishing data from the material
in question, creating detailed material records for library catalogs and
physically preparing that material for circulation. In addition to my
experience in acquisitions, I was also responsible for analyzing large

collections of library materials, tailoring library records for optimal catalog
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search performance and creating lending agreements between libraries

during my time as a Library Director.

. I am familiar with the Internet Archive, a digital library accessible to the
general public. Among other services that the Internet Archive makes
available to the general public is the Wayback Machine, an online archive of
the web. The Internet Archive’s Wayback Machine service archives
webpages as of a certain capture date to track changes in the web over time.
The Internet Archive has been in operation as a nonprofit library since 1996
and has hosted the Wayback Machine service since its inception in 2001.
During my time as a librarian, I frequently used the Internet Archive’s
Wayback Machine for research and instruction purposes. This includes
teaching instructional classes on using the Wayback Machine to library
patrons and using the Wayback Machine to research reference inquiries that
require hard-to-find online resources. I consider the Internet Archive’s
recordskeeping to be as rigorous and detailed as other formal library
recordskeeping practices such as MARC records, OCLC records and Dublin

Core.

. I'have reviewed Exhibit 1007, a white paper entitled "High-Speed Serial Bus

Repeater Primer" by Samie B. Samaan, Dan Froelich and Samuel Johnson.
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6. Attached hereto as Appendix INTELOI1 is a screen capture of the Internet
Archive Wayback Machine entry for http://www.intel.com/content/www/us/
en/io/serial-bus-white-paper.html. I secured these screen captures myself
from https://web.archive.org/web/20160202223801/http://www.intel.com/
content/www/us/en/io/serial-bus-white-paper.html. As indicated by the
Wayback Machine URL, this record was accessed by the Internet Archive

and captured as of February 2, 2016.

7. Appendix INTELOI1 is an Internet Archive capture of a web page entitled
High-Speed Serial Bus Repeater Primer for Properties and Usage as hosted
on the Intel website. This web page offers a true and correct PDF copy of
“High-Speed Serial Bus Repeater Primer” (the “Samaan Paper”) for
download, included within Appendix INTELO1. In comparing Appendix
INTELOI to Exhibit 1007, it is my determination that Exhibit 1007 is a true
and correct copy of the High-Speed Serial Bus Repeater Primer for
Properties and Usage web page as hosted on the Intel website. As the
Internet Archive accessed and captured this page as of February 2, 2016 on
Intel’s website, it is my determination that “High-Speed Serial Bus Repeater
Primer” by Samie B. Samaan, Dan Froelich and Samuel Johnson was

available to the public at least as of February 2, 2016 via Intel’s website.
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8. Attached hereto as Appendix INTELO2 is a screen capture of the Internet
Archive Wayback Machine entry for http://www.intel.com/content/www/us/
en/io/pci-express/pci-express-architecture-devnet-resources.html. I secured
these screen captures myself from https://web.archive.org/web/
20151225114620/http://www.intel.com/content/www/us/en/i0/pci-express/
pci-express-architecture-devnet-resources.html. As indicated by the
Wayback Machine URL, this record was accessed by the Internet Archive

and captured as of December 25, 2015.

9. Appendix INTELO2 is an Internet Archive capture of a web page entitled
PCI Express Architecture as hosted on the Intel website. Page 2 of Appendix
INTELO2 contains a link titled ‘High-Speed Serial Bus Repeater Primer’.
Clicking this link navigates the user to the website attached to this document
as Appendix INTELO1, offering the user a true and correct copy of the
Samaan Paper for download. As the Internet Archive first captured this page
as of December 25, 2015, it is my determination that "High-Speed Serial
Bus Repeater Primer" was likely made available to the public at least as of

December 25, 2015 via original Intel’s website.
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10.Attached hereto as Appendix INTELO3 is a screen capture of a webpage
entitled "System Co-Design Modeling Methodology of a High Speed
(25Gbps) Multi-Rate 4-Channel Retimer: Simulation to Measurement
Correlation" by Tony Tang et al. as hosted on the IMAPSource Conference
Papers website. I secured these screen captures myself from

https://imapsource.org/article/56742.

11.Appendix INTELO3 is a capture of an International Microelectronics And
Packaging Society (IMAPS) webpage describing “System Co-Design
Modeling Methodology of a High Speed (25Gbps) Multi-Rate 4-Channel
Retimer: Simulation to Measurement Correlation” (the “Tang Paper’) and
contains a true and correct copy of the paper. Page 1 of Appendix INTELO03
indicates this paper was first published online as of October 1, 2018. Page 1
of Appendix INTELO3 also indicates this paper was included within the
conference proceedings of the 2018 IMAPS International Symposium on
Microelectronics, held from October 8—11, 2018. Page 3 of Appendix
INTELO3 indicates that the authors of the Tang Paper, Tony Tang, Bridger
Wray, and Rajen Murugan published this paper in their capacity as
employees of and in relation to their research carried out at Texas
Instruments, Inc. Page 8 of Appendix INTELO3 (page 000185 of the Tang

Paper) contains a citation to "High-Speed Serial Bus Repeater Primer" by
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Samie B. Samaan, Dan Froelich and Samuel Johnson, indicating the Samaan
paper was consulted during the drafting of “System Co-Design Modeling
Methodology of a High Speed (25Gbps) Multi-Rate 4-Channel Retimer:
Simulation to Measurement Correlation,” prior to its online and off-line
publication, and presentation at the 2018 IMAPS International Symposium

on Microelectronics in October 2018.

12.Attached hereto as Appendix INTELO4 is a screen capture of the Internet
Archive Wayback Machine entry for http:/www.imaps.org/imaps2018/
index.htm. I secured these screen captures myself from https://web.archive.
org/web/20181003193140/http:/www.imaps.org/imaps2018/index.htm. As
indicated by the Wayback Machine URL, this record was accessed by the

Internet Archive and captured as of October 3, 2018.

13.Appendix INTELO4 is an Internet Archive capture of a web page entitled
IMAPS 2018 - Pasadena as hosted on the IMAPS website. This page
describes the details of the 2018 IMAPS International Symposium on
Microelectronics, including venue, agenda, sponsors, registration fees, etc.
prior to the event being held. Page 4 of Appendix INTEL04 contains the
following passage describing all of the amenities offered to conference

attendees: “Full attendee registrations (not exhibits only) includes...one
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2018 Proceedings Download (and access via our Mobile APP)....” As page
1 of Appendix INTELO3 indicates the 2018 IMAPS International
Symposium conference proceedings include “System Co-Design Modeling
Methodology of a High Speed (25Gbps) Multi-Rate 4-Channel Retimer:
Simulation to Measurement Correlation” and page 4 of Appendix INTEL04
indicates the conference proceedings were distributed to conference
attendees as a download and on the conference’s mobile app, it is my
determination that all full-registration attendees of the 2018 IMAPS

International Symposium were provided with the Tang Paper.

14.Attached hereto as Appendix INTELOS is a screen capture of the Internet
Archive Wayback Machine entry for http://www.imaps.org:80/imaps2018/
program.htm. I secured these screen captures myself from https://web.
archive.org/web/20181127153348/http://www.imaps.org:80/imaps2018/
program.htm. As indicated by the Wayback Machine URL, this record was

accessed by the Internet Archive and captured as of November 27, 2018.

15.Appendix INTELOS is an Internet Archive capture of a web page entitled
Technical Program as hosted on the IMAPS website. This program describes
the various papers presented at the 2018 IMAPS International Symposium

on Microelectronics. Pages 67 of Appendix INTELOS indicates that
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“System Co-Design Modeling Methodology of a High Speed (25Gbps)
Multi-Rate 4-Channel Retimer: Simulation to Measurement Correlation”
was presented by one of the co-authors Tony Tang at the 2018 IMAPS
International Symposium on October 10, 2018 from 9:40 AM to 10:05 AM

as part of Session WA1 CPI and MODELING.

16.Attached hereto as Appendix INTELOG6 is a screen capture of the Internet
Archive Wayback Machine entry for http://www.imaps.org/abstracts/system/
new/abstract preview.asp?abstract=2018imaps085. I secured these screen
captures myself from https://web.archive.org/web/20181030013147/http://
wWww. imaps.org/abstracts/system/new/abstract preview.asp?abstract=
2018imaps085. As indicated by the Wayback Machine URL, this record was

accessed by the Internet Archive and captured as of October 30, 2018.

17.Appendix INTELOG6 is an Internet Archive capture of a web page entitled
Abstract Preview as hosted on the IMAPS website. This page contains an
abstract describing “System Co-Design Modeling Methodology of a High
Speed (25Gbps) Multi-Rate 4-Channel Retimer: Simulation to Measurement
Correlation.” This abstract accurately describes “System Co-Design
Modeling Methodology of a High Speed (25Gbps) Multi-Rate 4-Channel

Retimer: Simulation to Measurement Correlation” as published in the
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conference proceedings of the 2018 IMAPS International Symposium on

Microelectronics.

18. Attached hereto as Appendix INTELO7 is a screen capture of the Internet
Archive Wayback Machine entry for https://en.wikipedia.org/wiki/
PCI_Express. I secured these screen captures myself from https://web.
archive.org/web/20170412025816/https:/en.wikipedia.org/wiki/
PCI_Express. As indicated by the Wayback Machine URL, this record was

accessed by the Internet Archive and captured as of April 12, 2017.

19.Appendix INTELO7 is an Internet Archive capture of a web page entitled
PCI Express as hosted on the Wikipedia website. This web page includes a
link entitled ‘Developer Network’ visible on page 11 of Appendix INTELO7.
This link redirects to https://web.archive.org/web/20170412025816/http://
www.intel.com/technology/pciexpress/devnet/, the page captured in this
document as Appendix INTELO2 containing a true and correct copy of the
Samaan paper. As the Internet Archive first captured this page as of April
12,2017, it is my determination that PCI Express was first made available to
the public as of April 12, 2017 via the Internet Archive and likely earlier via

the original Wikipedia website.
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20.Attached hereto as Appendix INTELOS is a true and correct copy of the
MARC record for International Symposium on Microelectronics as held by
the Freie Universitéit Berlin Library. I secured this record myself from the
library’s public catalog. The MARC record contained within Appendix
INTELOS accurately describes the title, publisher and ISSN number of
International Symposium on Microelectronics. The indexing of these
conference proceedings in the library’s catalog provides interested members
of the public the ability to discover these proceedings via the library

catalog’s advanced search features.

21.The 008 field of the MARC record in Appendix INTELOS indicates the date
of record creation. The 008 field of Appendix INTELOS indicates the Freie
Universitdt Berlin Library first acquired International Symposium on
Microelectronics as of August 11, 2015 and the ‘Full Text Availlability’
field present on page 2 of Appendix INTELO2 indicates this library has
secured each subsequent version of these proceedings. As the catalog
records indicates Freie Universitit Berlin Library secured each new edition
of International Symposium on Microelectronics after 2015, interested
members of the public would have been able to discover and access

conference proceedings of the 2018 IMAPS International Symposium on

10
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Microelectronics, and the Tang Paper included in it, soon after publication

via the Freie Universitdt Berlin Library.

22.Appendix INTELOI indicates a true and correct copy of the Samaan Paper
was available to the public via the Intel website no later than February 2,
2016. Appendix INTELO2 indicates the Samaan Paper was likely made
available to the public via the Intel website as of December 25, 2015.
Appendices INTELO3-INTELO6 indicate the Tang Paper was made
available to the public in October 2018 via the IMAPS website and
distributed to the public as part of the conference proceedings to the 2018
IMAPS International Symposium on Microelectronics. As the Tang paper
contains a citation to the Samaan paper, it is my determination that the
Samaan Paper was available to the authors of the Tang paper prior to
October 2018. Appendix INTELO7 contains a link to an Intel page offering
the Samaan paper for download as of April 2017. Considering each of these
appendices, it is my conclusion that the Samaan Paper was likely made
available to the interested public by at least December 25, 2015 by Intel
through its website and certainly no later than October 2018, when a
conference paper citing to it was itself published and distributed to the

public attending a conference on microelectronics.

11
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23.1 have been retained on behalf of the Petitioner to provide assistance in the
above-illustrated matter in establishing the authenticity and public
availability of the documents discussed in this declaration. I am being
compensated for my services in this matter at my customary rate of $200.00
per hour plus reasonable expenses. My statements are objective, and my

compensation does not depend on the outcome of this matter.

24.1 declare under penalty of perjury that the foregoing is true and correct. 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 of Title 18 of the United States

Code.

Dated: 7/22/2025

il

June Ann Munford

12
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June A. Munford
Curriculum Vitae

Education

University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009
Milwaukee, WI

e Coursework included cataloging, metadata, data analysis, library systems,
management strategies and collection development.
® Specialized in library advocacy, cataloging and public administration.

Grand Valley State University - BA, English Language & Literature, 2008
Allendale, MI

e Coursework included linguistics, documentation and literary analysis.
e Minor in political science with a focus in local-level economics and
government.

Professional Experience

Researcher / Expert Witness, October 2017 — present
Freelance e Pittsburgh, Pennsylvania & Grand Rapids, Michigan

e Material authentication and public accessibility determination. Declarations of
authenticity and/or public accessibility provided upon research completion. Experienced
with appeals and deposition process.

e Research provided on topics of public library operations, material
publication history, digital database services and legacy web resources.

e Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish & Richardson,
Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie, Pillsbury Winthrop Shaw
Pittman and Slayden Grubert Beard.

Library Director, February 2013 - March 2015
Dowagiac District Library @ Dowagiac, Michigan

e Executive administrator of the Dowagiac District Library. Located in
Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.
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e Developed careful budgeting guidelines to produce a 15% surplus during the 2013-
2014 & 2014-2015 fiscal years while being audited.

e Using this budget surplus, oversaw significant library investments including the
purchase of property for a future building site, demolition of existing buildings and
building renovation projects on the current facility.

® | ed the organization and digitization of the library's archival records.

e Served as the public representative for the library, developing business
relationships with local school, museum and tribal government entities.

e Developed an objective-based analysis system for measuring library services -
including a full collection analysis of the library's 50,000+ circulating items and their
records.

November 2010 - January 2013
Librarian & Branch Manager, Anchorage Public Library ® Anchorage, Alaska

e Headed the 2013 Anchorage Reads community reading campaign including event
planning, staging public performances and creating marketing materials for mass
distribution.

® Co-led the social media department of the library's marketing team, drafting social
media guidelines, creating original content and instituting long-term planning via content
calendars.

e Developed business relationships with The Boys & Girls Club, Anchorage
School District and the US Army to establish summer reading programs for
children.

June 2004 - September 2005, September 2006 - October 2013
Library Assistant, Hart Area Public Library
Hart, M1

® Responsible for verifying imported MARC records and original MARC
cataloging for the local-level collection as well as the Michigan Electronic

Library.

e Handled OCLC Worldcat interlibrary loan requests & fulfillment via
ongoing communication with lending libraries.

Professional Involvement

Alaska Library Association - Anchorage Chapter
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® Treasurer, 2012

Library Of Michigan
e [ evel VII Certification, 2008
e Level II Certification, 2013

Michigan Library Association Annual Conference 2014
e New Directors Conference Panel Member

Southwest Michigan Library Cooperative
® Represented the Dowagiac District Library, 2013-2015

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, MI
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

Public Library Association Intensive Library Management Training, October 2011
Nashville, TN
e Attended a five-day workshop focused on strategic planning, staff
management, statistical analysis, collections and cataloging theory.

Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012
Fairbanks, AK
e Attended seminars on EBSCO advanced search methods, budgeting,
cataloging, database usage and marketing.

Depositions

2019 e Fish & Richardson

Apple v. Qualcomm (Case No. [PR2018-001281, 39521-004211P, IPR2018-01282 and
39521-004211P2)

2019 e Erise IP
Implicit, LLC v. Netscout Systems, Inc (Case No. 2:18-cv-53-JRG)

2019 e Perkins-Coie

Adobe Inc. v. RAH Color Technologies LLC (Case No. IPR2019-00627, [PR2019-
00628, IPR2019-00629 and IPR2019-00646)
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2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (Case No. [IPR2020-1449)

2022 e Perkins-Coie

Realtek v. Future Link (Case No. IPR2021-01182)

2023 e Fish & Richardson
Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040)

2023 e Fish & Richardson
Nearmap US Inc. v. Pictometry International Corp. (Case No. IPR2022-00735)

2023 e Fish & Richardson
Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)

2023 e Pillsbury Winthrop Shaw Whitman LLP

Gravel Rating Systems v. Costco Wholesale Corp. (Case No.
4:21-cv-149-ALM)

2024 e Willkie-Farr
Netflix, Inc. v. VideoLabs. Inc. (Case No. IPR2023-00628)

2024 e Quinn Emanuel Urquhart & Sullivan
Purdue University v. Wolfspeed (Case No. 1:21-CV-840)

2024 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. [PR2024-00393)
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2025 e Perkins Coie
Amazon.com, Inc. v. Nokia Technologies Oy (Case No. IPR2024-00572)

2025 e Fish & Richardson
Dish Network v. Entropic Communications (Case No. [PR2024-00373)

Limited Case and Clientele History

Alston & Bird
e Ericsson

v. Collision Communications (Case No. IPR2022-01233)

e Nokia
v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876)

e Universal Electronics Inc

v. Roku Inc (Case No. [IPR2022-00818)

Alavi & Anaipakos PLLC
e Stingray Group Inc. and Stingray Music USA, Inc.

v. Edwin A. Hernandez-Mondragon and Egla Corp. (Case No. 1:24-cv-
21226-RAR)

Arnold & Porter
e [vantis

v. Glaukos (Case No. 8:18-cv-00620)

e Samsung

v. Jawbone (Case No. 2:21-cv-00186)
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Benesch Friedlander Coplan & Aronoff
® Voyis
v. Cathx (Case No. 5:21-cv-00077-RWS)

Buchanan, Ingersoll & Rooney PC

® Google LLC, AT&T Service Inc., T Mobile USA Inc., Cellco Partnership, Ericsson
Inc. & Nokia of America Corp.

v. KT Corp & Pegasus Wireless Innovation LLC (Case No. IPR2025-00293)

Deschert LLP
e Smaxtec Animal Care

v. ST Reproductive Technologies, LLC (Case No. IPR2024-00885)

Duane Morris
e Kangxi Communication Technologies

v. Skyworks Solutions Inc. (Case No. IPR2025-00373)

e Microsoft

v. Edge Networking Systems LLC (Case No. 1:24-cv-00215)

Erise 1.P.
e Apple

v. Ericsson Inc. (Case No. IPR2022-00715)

v. Future Link Systems (Case No. [PRs 6317804, 6622108, 6807505, and
7917680)

v. INVT (Case No. 20-1881)
v. Navblazer LLC (Case No. [IPR2020-01253)

v. Qualcomm (Case No. IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)
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v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG)

v. Telefonaktiebolaget LM Ericsson (Case No. IPR2022-00275)
v. Theta IP, LLC (Case No. [PR2024-00818)

v. THL Holding Company LLC (Case No. 1:23-cv-00548)

e Fanduel

v. CGT (Case No. 19-1393)

e Garmin

v. Phillips North America LLC (Case No. 2:19-¢v-6301-AB-KS)

e Netscout
v. Longhorn HD LLC (Case No. 2:20-cv-00349)
v. Implicit, LLC (Case No. 2:18-cv-53-JRG)

e Sony Interactive Entertainment LLC
v. Bot M8 LLC (Case No. IPR2020-01288)
v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG)

e Tesla

v. Charge Fusion Technologies LLC (Case No. I[PR2025-00032)

e Unified Patents

v. GE Video Compression (Case No. 2:19-cv-248)

Fish & Richardson
e Apple
v. AliveCor (Case No. 3:21-cv-03958)
v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP)
v. Koss Corporation (Case No. [PR2021-00305)
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v. Masimo (Case No. IPR 50095-0012IP1, 50095-00121P2, 50095-00131P1,
50095-00131P2, 50095-0006IP1, 50095-01351P1)

v. Neonode (Case No. 21-cv-08872-EMC)

v. Qualcomm (Case No. [IPR2018-001281, 39521-004211P, [PR2018-01282,
39521-004211P2)

v. Resonant Sys. (Case No. 7:23-cv-00077-ADA)

e AsusTek Computer Inc.
v. Videolabs, Inc. (Case No. 22-CV-00720-ADA)

e Dell
v. Neo Wireless (Case No. IPR2022-00616)

® Dish Network
v. Entropic Communications, LLC (Case No. 2:2023-CV-01043)
v. Entropic Communications LLC (Case No. IPR2024-00393)
v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ)
v. TQ Delta LLC (Case No. 18-1798)

e Evapco Dry Cooling
v. SPG Dry Cooling (Case No. IPR2021-00688)

e Genetec

v. Sensormatic Electronics (Case No. 1:20-CV-00760)

e Huawei

v. Bell Northern Research LL.C (Case No. IPR2019-01174)

e Kianxis

v. Blue Yonder (Case No. 3:20-cv-03636)
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e [ .G Electronics

v. Bell Northern Research LL.C (Case No. 3:18-cv-2864-CAB-BLM)

e MediaTek
v. MOSAID (Case No. IPR2024-00718)

e Metaswitch

v. Sonus Networks (Case No. [PR2018-01719)

e Microsoft

v. Throughputer Inc (Case No. [PR2022-00757)

e Mom Enterprises

v. Ddrops Company (Case No. 1:22-cv-00332)

e MLC Intellectual Property
v. MicronTech (Case No. 3:14-cv-03657-SI)

e Nearmap Inc

v. EagleView Technologies (Case No. IPR2022-01009)

e Neuroderm Ltd.

v. Abbvie, Inc (Case No. PGR2022-00040)

® Posco Co Ltd.
v. Pascal Drillet et al. (Case No. IPR2025-00370)

e Realtek Semiconductor

v. Future Link (Case No. [PR2021-01182)
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e Quectel

v. Koninklijke Philips (Case No. 1:20-cv-01710)

® Samsung
v. Aire Technology (Case No. IPR2022-00877)
v. Bell Northern Research (Case No. 2:19-cv-00286-JRG)
v. Communication Technologies Inc (Case No. I[PR2022-01221)
v. Jawbone Innovations (Case No. [IPR2022-00865)

<

. MemoryWeb LLC (Case No. [PR2022-00885)

<

. Dodots Licensing Solutions (Case No. IPR2023-00701)
v. Telefonaktiebolaget LM Ericsson (Case No. IPR2021-00615)

e Texas Instruments

v. Vantage Micro LL.C (Case No. IPR2020-01261)

e Xilinx

v. Sentient Sensors LCC (Case No. 1:22-cv-00173)
Goodwin Proctor
e Intel

v. Proxense, LLC (Case No. 6:24-cv-00283)

e Samsung Electronics

v. Mobile Data Technologies (Case No. 2:24-cv-00435)

e Taiwan Semiconductor Manufacturing Company Ltd.

v. Advanced Integrated Circuit Process LLC (Case No. 2:24-cv-00623)
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Groombridge Wu
® Nearmap

v. Eagle View Technologies Inc. and Pictometry International Corp. (Case No.
2:21-cv-00283-TS-DAO)

Irell & Manella

e Curium

Latham & Watkins LLP
e Apple
v. Advanced Coding Research LLC

Leydig, Voit & Mayer, Ltd.

® Public Availability Consultancy

O’Melveny & Myers
e Apple
v. Maxell (Case No. 5:19-cv-00036-RWS)

e Disney Media & Entertainment Distribution LLC
v. Digital Media Technology Holdings, LLC (Case No. 2:22-
cv-01642)

e Micron Technology Inc.

v. Besang Inc (Case No. [PR2023-00900)

® Samsung

v. Daedalus Prime LLC (1335 Investigation)
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Perkins-Coie
® Amazon
v. Nokia (Case No. [IPR2024-00847 and IPR2024-00848)
v. Nokia Technologies Oy (Case No. IPR2024-00572)
e Heru Industries

v. The UAB Research Foundation (Case No. IPR2022-01148)

e Intel Corporation
v. BeSang Inc. (Case No. IPR2023-00991)
v. BitMICRO (Case No. 5:23-cv-00625)
v. Telefonaktiebolaget L. M Ericsson (Case No. [PR2024-00610)

e Realtek Semiconductor

v. Future Link (Case No. [PR2021-01182)

® r-pac

v. Adasa, Inc. (Case No. 1:2024¢cv06102)

e Twitter Inc

v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD)
e TCL Industries
v. Koninklijke Philips NV (Case No. IPR2021-00495, IPR2021-00496

and IPR2021-00497)

e VusionGroup

v. Hanshow (Case No. IPR2024-00857)
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Multi-gigahertz serial links, with progressively increasing bitrates, suffer from signal distortion (Inter-

symbol Interference, or ISI) due to PCB and package copper and dielectric losses. Other distortions also
( »

High-Speed Serial Bus Repeater Primer for Properties and Usage

This white paper informs High-speed Serial Bus Signal Integrity engineers and system designers about the
characteristics of SerDes repeaters, in order to enable proper and effective use of those devices, and provides useful
background and insights for hardware validation and debugging.

Related Videos

Platform Overview: Intel®
Atom™ Processor N20... (6:41)

Platform overview covers new Intel®
Atom™ processor with Intel® NM10 Express
Chipset features.

Diverse Uses of 4th Gen
ﬁ Pk Intel® Core™ Processo... (3:19)
. | ,-, 4 Follow Jill and discover applications for
. the healthcare and retail industries. (v.1,
\\ July 2013)

View all »
Related Materials
- |Ntel® 6300ESB I/O Intel® E7500 Chipset MCH me 1hermal Guide, Intel® 5 and - [Ntel® Xeon®
—; Controller Hub Thermal Datasheet —' 3400 Series Chipset —I Processor/Intel® E7500
Guide Chipset
Intel® E7520 Memory = 1hermal Guide, Intel® Intel® Dual-Core Intel® E7221 Chipset:
,%( Controller Hub (MCH) -'- E7520/E7320/E7525 MCH Technology Enhances ,§< Specification Update
Embedded Computing
About Support Legal Social

Marvell Semiconductor, Inc. - Ex. 1018, Page 000030



Company Information
Investor Relations
Contact Us
Newsroom

Site Map

Jobs

Support Home
Download Center

Product Specifications (ARK)

Terms of Use
*Trademarks
Privacy
Cookies

Supply Chain Transparency

Marvell Semiconductor, Inc. - Ex. 1018, Page 000031

Intel Communities
EJ Intel on Twitter
I Intel on Facebook
[} Intel on Linkedin
Intel on Instagram

2] Intel on YouTube



intel)

High-speed Serial Bus Repeater Primer

Re-driver and Re-timer Micro-architecture, Properties, and Usage
Revision 1.2, Oct. 2015
By Samie B. Samaan, Dan Froelich, and Samuel Johnson, Intel Corporation

1. Introduction

1.1 Target Audience

This primer aims to inform High-speed Serial bus Signal Integrity engineers and system designers on the
characteristics of SerDes repeaters (re-drivers and re-timers), in order to enable proper and effective
use of those devices. It also provides useful background and insights for hardware validation and
debugging practitioners.

1.2 Motivation and Scope

Multi-gigahertz serial links, with progressively increasing bitrates, suffer from signal distortion (Inter-
symbol Interference, or ISI) due to PCB and package copper and dielectric losses. Other distortions also
occur due to impedance discontinuities in the channels, such as vias, connectors, and packages. While a
Serializer-Deserializer (SerDes) receiver (Rx for short) is designed to compensate for most of these
distortions, and create an internal eye open enough for reliable sampling, bit rates are rising faster than
Rx, PCB, or package High Density Interconnect (HDI) technologies can keep up with. The result is that
total channel reach is decreasing. Using expensive PCB materials to reduce loss will be reaching its
dielectric limits soon, and adds significant cost. Next generation buses, such as PCl Express (PCle) 4.0 (16
Gb/s) and USB3.10 (10 Gb/s), which aim to double bit rates, will support shorter channel lengths (with
similar high volume PCB materials) than their existing 8 Gb/s and 5 Gb/s predecessors, respectively.

For the above reasons, and also various OEMSs’ desires for differentiation through larger/modular
systems, entailing longer channels, there seems to be a rising need for active devices —or Repeaters--
which “restore” the signals mid-flight, thus extending channel reach. This paper describes the two main
classes of SerDes repeaters: The analog “Re-drivers”, and the mixed-signal (analog/digital) “Re-timers”
(both protocol-aware, and protocol-un-aware re-timers).

This work describes the internal micro-architecture, properties, applications, and limitations of both
types of SerDes repeaters. It explains the subtle reasons why the presence of a re-driver in certain
busses which require adaptive transmitter (Tx) Linear Equalization (TXEQ), such as PCle 3.0, and 10G-KR,
causes such links to be non-openly interoperable. It also addresses the special case of so-called “Closed”
Systems which do not require open interoperability (Section 10.1). Furthermore, this document
describes the functionality of PCle 3.0 and 10G-KR re-timers, in detail.
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1.3 Signal Distortion in High-speed Copper Links

Present multi-Gigahertz serial busses carry bit streams ranging in their rates from around 1 Gb/s and up
to (or exceeding) 32 Gb/s. The fundamental (Nyquist) or clock frequency of such patterns is half the bit
rate. PCBs, packages, cables, and connectors make up the majority of copper-based serial links, due to
their cost effectiveness. Optical links are also used at high data rates and long reach, but they have
different distortion mechanisms, and are not addressed directly here. Copper (or metal) suffers from a
resistance which increases with the square root of frequency, due to skin effect [1]. In addition, PCBs
have losses in the dielectrics (resin and glass) used to make them [1]. The dielectric loss increases
approximately linearly with frequency. Hence, depending on the dielectric loss constant (Dissipation
Factor (Dk), a.k.a. tan(d)), a PCB’s trace loss ranges from having square root to linear dependence on
frequency. For present day FR4 PCBs (whose Dk might range from 0.03 to 0.015), the loss is dominated
by the square root function at low frequencies, then becomes dominated by the linear dielectric loss at
higher frequencies, as seen in Figure 1.

Increasing attenuation with frequency causes signal distortion, and such distortion is worse for longer
lines. When higher frequency components are attenuated, the bits (Unit Intervals, or Uls) begin to lose
their sharpness, their tails extend beyond any single symbol (or bit), and start spilling over (interfering)
with subsequent symbols, hence the term Inter-symbol Interference (ISI).

Gain, dB(Sdd21)
S
|

Frequency, GHz

Figure 1 Measured differential Insertion Loss (Gain to be precise) of a terminated PCB strip-line trace,
showing an initial square-root-like dependence on frequency up to ~0.5 GHz (skin-loss-dominated),
then a linear dependence (dielectric-dominated).

In addition to attenuation, there are also internal reflections in a channel, due to impedance
discontinuities, causing further signal distortion. The impedance discontinuities in the channel are
caused by inter-layer via transitions, connectors, decoupling capacitor parasitics, packages, imperfect
terminations, etc. The insertion loss of such channels (e.g. Figure 2) is usually more complex than that
of a simple transmission line.

It is noteworthy that a significant fraction of the smooth (frequency-dependent) distortion due to
channel loss could be compensated for by using simple equalization circuits in the transmitter or the
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receiver, whereas distortion caused by reflections is usually compensated by the more complex Decision
Feedback Equalization (DFE) technique [2].

Gain, dB(Sdd21)
>
|

Frequency, GHz

Figure 2 Measured differential Insertion Loss (Gain to be precise), of a practical well-terminated
channel employing 2 connectors, vias, and PCB traces.

1.4 Introductory Description of Linear and Non-linear Systems

In order to understand two main sub-types of repeaters called re-drivers, this section provides an initial
brief definition of linear and non-linear systems (or circuits). More will be given on this topic in section
3.2.

A Linear System: Is one where the amplitude of the output response is directly proportional to the
amplitude of the input, irrespective of the shape of the output. The output and input do not have to
have the same shape for a system to be linear (since shape is controlled separately by the transfer
function of the system, H(s)). See section 3.2.2 for more details.

A Non-linear System: Is one where the amplitude of the output is not directly proportional to the input.
The relationship between input and output amplitudes could be anything other than a straight line. In
extreme cases, it could be a step function, i.e. as the input amplitude rises, there is no output initially,
but then suddenly an output appears, and remains at about the same amplitude even if the input
amplitude keeps rising. Such a system is a “Sharply-limiting” non-linear system. In more moderate cases
the output amplitude reaches saturation gradually. See section 3.2.1 for more details.

2. Repeater Types

Fundamentally, high-speed serial repeaters are of two types: Re-drivers, and Re-timers.

2.1 Re-driver

This is usually a high-gain-bandwidth amplifier, employing input Continuous Time Linear Equalization
(CTLE, [3]) and sometimes also output Transmitter Linear Equalization (TxEQ [3] [4]). The amplifier could
be either linear or non-linear (limiting). These devices have no clock, and are pure analog devices, except
for the presence sometimes of a sideband low-frequency bus to program their analog settings. Limited
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programming is usually also achievable by using strap pins. Re-drivers do not store data digitally, nor
could they be protocol-aware. They just compensate for ISI, cause a delay of the signal by a few 100s of
pico-seconds, and usually add some jitter. Re-drivers are not specified directly in most Hi-speed serial
bus standard specifications.

If not addressed explicitly in a bus’s specification, then in general, using re-drivers renders a link non-
compliant, strictly speaking. Their use in such busses as USB3 and SATA3 is “Extra-spec” (which might be
surprising to some, but can be gleaned from careful reading of those specifications), but appears to be
tolerated practically. More details on these devices’ usage and subtleties will be given in later sections.

2.2 Re-timer

A device which has a Clock & Data Recovery circuit (CDR [5] [6]), which is the main component of a
SerDes Physical Layer (PHY). A re-timer has a Phase Locked Loop (PLL [7]), may require an input
Reference clock, and is a mixed-signal analog/digital device. It converts an incoming analog bit stream
into purely digital bits that are stored (or staged) internally. The internal digital data has no analog
information left in it from the incoming original bit stream. A re-timer re-transmits data anew, with new
equalization, and new jitter content, unrelated analog-wise to the input bit stream. Thus, a re-timer
breaks a link into two distinct sub-links, which are completely independent from each other, from a
Signal Integrity (analog amplitude and timing) perspective. Some Re-timers also provide debug
capabilities, such as eye margining, link status, and link health indicators. In addition, sophisticated re-
timers, which are protocol-aware, comprise digital logic to manage link initialization, training, data
encoding and decoding, and clock domain frequency differences.

Re-timers are more complex than re-drivers, larger in die and package size, are more expensive, and, as
of this writing, are offered by fewer vendors than re-drivers. Re-timers are, in turn, of two types:
Simple “Bit Re-timers” and “Intelligent Re-timers”. Bit re-timers are usually Protocol unaware, &
usually TXEQ Training-incapable, while intelligent Re-timers are Protocol-aware, and TxEQ Training-
capable. Section 13 provides more details on re-timers.

3. Re-drivers

3.1 Re-driver Micro-architecture

This section discusses the generic internal micro-architecture of a re-driver. Any vendor’s re-driver might
have a different specific design, but they all share these general features. Figure 3 shows the internal
components of a differential re-driver (See section 3.2). Re-drivers usually come as an identical pair (or
set of pairs) in one package as shown in Figure 4, in order to accommodate the sending and receiving
signal directions of one or more lanes. Typically, each direction of transmission has its own independent
set of controls. The channel preceding the re-driver is referred to here as the “Pre-channel”, and the
one following is referred to as the “Post-channel”.
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Figure 3 Conceptual micro-architecture of a differential SerDes re-driver, showing one signal direction,
comprising a differential data path, with programming and control blocks.
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Figure 4 A typical re-driver package contains a full differential re-driver (as shown in Figure 3) in each
signal direction, in order to allow repeating a full link. Also shown are the pre-channel (before) and
the post-channel (after) the re-driver, in each direction.

A re-driver’s main components are:-

3.1.1 Input Terminations

Depending on the circuit technology of the re-driver, an input pair of differential termination resistors is
provided for matching the channel preceding the re-driver (pre-channel). These may range in value from
60 to 40 Ohms per side (120-80 Ohms differential), and are usually terminated to ground, Vdd, or
another bias voltage. Re-drivers are usually DC-terminated devices at both their input and output, since
they expect to operate in AC-coupled channels (using on-board capacitors).

The input impedance of a re-driver is not purely resistive, mainly due to the presence of package
parasitics (inductance) and die input capacitance. A vendor’s data sheet usually gives information (either
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tabulated, or graphical) about the typical or worst-case SDD11 of the re-driver. SDD11 affects the shape
and amplitude of the signals impinging upon a re-driver’s input.

3.1.2 CTLE

A Continuous Time Linear Equalizer (CTLE) [8] is a linear amplifier whose transfer function is similar to
that shown in Figure 5. It attempts to represent the opposite of the loss-dominated pre-channel
attenuation, amplifying high-frequency components more than low-frequency ones, up to a certain
frequency. Semiconductor circuits have a limited gain-bandwidth product, hence the progressive
amplification of higher frequencies in a CTLE reaches a peak, then begins to decline. The peak is usually
aimed to be at least as high as the Nyquist (clock) frequency corresponding to the bitrate, and
preferably exceeding it as much as possible. The resulting band-pass filter opens the input eye by
compensating for (reversing) ISI, only partially, since it is not an exact opposite of a channel’s
progressively higher attenuation shown in Figure 1 and Figure 2.

AC peaking, which is the difference in dB between the maximum amplification at the peaking frequency
and the DC amplification, is usually externally programmable. In some re-drivers, the amount of DC gain
is also externally, and independently, adjustable. It is important to note that a re-driver’s CTLE setting is
static, once programmed, irrespective of system operating conditions. This is true for both pin-strapped
programming, and 12C (or SM) programming. A re-driver does not offer adaptive equalization, like some
intelligent SerDes PHYs and some re-timers do.
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Figure 5 An illustrative example of the amplitude and phase Bode plots of a CTLE equalizer. A specific
re-driver’s CTLE is usually different from the above, depending on the design and bitrate. Notice the
nonlinear phase response (versus frequency) of this 1-zero 2-pole equalizer.
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3.1.3 Gain Stage

In many re-drivers, the amplification in the CTLE stage might be insufficient; therefore a second
amplifier follows the CTLE. In addition, maximizing gain-bandwidth usually requires more than 1 or 2
stages. In the case of the limiting (or non-linear) re-drivers described in section 3.2.1, this is usually a
high-gain clipping (i.e. limiting) amplifier. In the case of a linear re-driver (section 3.2.2), this stage is
usually a more moderate-gain amplifier with “linear” input-output amplitude characteristics.

In the case of a limiting re-driver, there is usually a required minimum input differential voltage
specification (on the order of 100-150 mV). This is the minimum voltage to guarantee that the gain
stages, including the output driver, can swing completely to the full requested Output Differential
Voltage (VOD).

3.1.4 Output Driver

This is the final power amplification stage which drives the output load. It can be either a limiting
amplifier (section 3.2.1), or a linear amplifier (section 3.2.2). In some re-drivers, the gain of this stage is
also programmable, in order to allow setting the Differential Voltage Output swing (VOD), say from 800
mV to 1200 mV, as an example.

3.1.5 Output TXEQ

This feature attempts to add de-emphasis (TXEQ) to the output. Since a re-driver lacks a clock (data is
not staged digitally), an FIR-like behavior might be emulated either by delaying the output (using an
analog delay circuit), scaling it, then adding it back to the main signal flow path, or alternatively through
the use of an analog peaking circuit.

TXEQ capability is always present the case of a limiting (non-linear) re-driver. In the case of a linear re-
driver (section 3.2.2), this function has not been observed to exist. The input CTLE is usually made strong
enough to provide equalization, in order to cover what a TXEQ might add, since they both share roughly
similar frequency domain peaking transfer functions.

A consequence of the methods used to achieve pseudo-FIR TXEQ behavior, is that a limiting re-driver --
which is designed for a certain bit rate-- may not be used at a significantly different bit rate. The reason
is that the internal analog delays or peaking filters, which attempt to affect de-emphasis, are tuned to
yield de-emphasis appearing after one Ul (bit width) at the target frequency of operation. There is
always a manufacturing variation in those circuits, so reasonable deviation is not detrimental.

3.1.6 Output Terminations

An output pair of differential termination resistors is provided in order to match the output impedance
of the re-driver to the output post-channel. These may range in value from 40 to 60 Ohms per side (80-
120 Ohms differential), and are usually terminated to the supply (Vdd) or an internal bias voltage.

Just like the input, the output impedance is not purely resistive, mainly due to the presence of package

parasitics (inductance) and die output capacitance. A vendor’s data sheet usually gives information
(either numerical or graphical) about the typical or worst-case SDD2; of a re-driver.
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3.1.7 Input Idle (Squelch) Threshold Detector

This circuit compares the input differential voltage to a fixed (sometime programmable) threshold on
the order of about 100 mV (e.g. USB3), set for entering the Electrical Idle state. It sends a signal to a
Squelch Timer if the input differential voltage is less than the idle threshold. This feature is used to
detect bus inactivity, and start a process to turn off the output driver in order to save power, and reduce
idle bus noise. Entering squelch is not immediate, and only happens after several nanoseconds of delay,
depending on the bus protocol, and the expected bit patterns (See 3.1.8).

If the input rises above a value larger than the Idle Exit Threshold (300 mV in USB3, and called “Max LFPS
Threshold”, [9]), then the output of the threshold detector is reversed, and the re-driver’s output is
turned on. This capability is used by USB3’s host’s Low Frequency Periodic Signaling (LFPS), and SATA3’s
host’s Out Of Band (OOB) signaling, in order to awaken a client device, before the resumption of data
transmission. The Idle exit threshold is usually larger than the idle entry threshold.

On the other hand, a PCle downstream device enters idle only after detection of an Electrical Idle
Ordered Set (EIOS, [10]), and not due to signaling inactivity. However, it exits idle after detection of
input signal activity using the Electrical Idle Exit Ordered Set (EIEOS) which has a low frequency pattern.
Since re-drivers targeted for PCle 3.0 do not have digital pattern detection ability, they are sometimes
designed to turn their output off (go to sleep) after detecting that the input voltage has dropped below
a certain threshold, for several nanoseconds. They do, however, exit idle upon bus activity (higher input
voltage) when EIEOS reaches their input.

The author has observed, in the lab, that for some limiting re-drivers, the input voltage has to exceed
the squelch exit threshold (reported in the datasheet) by tens of millivolts, before the output reaches its
full desired amplitude. In addition, linear re-drivers tend not to squelch their output.

3.1.8 Squelch Timer

This circuit receives a signal form the input idle (or squelch) threshold detector if the input voltage is less
than the Idle Entry Threshold, and after some time delay (typically 4-10 ns) it turns the output driver off,
in order to save power, and reduce idle bus noise. Conversely, if the input rises above the Exit Threshold
for a certain amount of time, then the output driver is turned back on, after a few nanoseconds. As
mentioned in 3.1.7, the squelch exit threshold is typically larger than the squelch entry threshold.

Momentary crossings of the Idle Entry Threshold, by the input voltage, do not trigger shutting off of the
output driver, due to the delay circuit. Such momentary drops can occur for very short periods of time in
an encoded high-speed serial bit stream (e.g. “...10101...").

Also note that for the “Limiting, or “Non-linear” re-driver type describe in section 3.2.1, there is yet a
third voltage threshold worthy of understanding: It is a switching threshold which must be exceeded, in
order for the limiting amplifier to generate an output whose amplitude is at the full desired output
swing. A well-designed re-driver would ensure that the idle exit threshold is above this switching
threshold, in order to ensure that the output has reaches its full desired amplitude whenever it is turned
on.
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3.1.9 Receiver Detection (Rx Detect)

The PCle and USB3 Specs provide a procedure for a transmitter to detect if a receiver is connected to
the channel, thus giving it an opportunity to move to lower power states, when not. The procedure is
based on sensing the different common mode charging time constants of the channel when and a load is
either present or absent (Figure 6). The USB3 and PCle procedures are similar. This is the procedure for
USB3 [11]:-

1. A Transmitter must start at a stable voltage prior to the “detect common mode” shift.

2. A Transmitter changes the common mode voltage on Tx-P and Tx-N, consistent with detection of
receiver high impedance which is bounded by parameter “ZRX -HIGH-IMP-DC-POS” in Table 6-13 of [11].
Furthermore, upon startup, detection is repeated periodically, until successful.

After shifting the common mode voltage, the output pins of the Tx (the Tx-P and Tx-P nodes between
“R_Detect” and “C_AC” in Figure 6) start an upward voltage ramp. If there is no Rx load at the far end of
the link (left circuit in Figure 6), then the Tx pins charge up rapidly, and a certain detection threshold is
crossed quickly, since the isolation capacitor “C_AC” (which is the largest cap in the link) is floating. But
if an “R_Term” is present (the right hand circuit in Figure 6), then the detection threshold is crossed
much more slowly, as “C_AC”, which is now in circuit, takes a longer time to be charged. Detection is
successful if a load impedance equivalent to a DC impedance “RRX-DC” (Table 6-13 in [11]) is present.
The R-term of the Rx does not have to be referenced to GND, for the technique to work correctly, since
detection is an AC mechanism. This is easily proven, as the pin voltage at the bottom of “R_Detect” has
to equal the applied voltage (“V_Detect”) once the transient current subsides.

V_Detect V_Detect

R_Detect -';"_i_: R_Detect

—

R_Term ‘::i

T

T

A
¥

C_AC C_Parasitic C_AC

C_Parasitic

Figure 6 Circuit diagram indicating the concept of fast (left), and slower (right) charging time constant
used by USB3 and PCle for Rx detection, [11]. “R_Detect” is the common mode Tx source resistance.

Furthermore, in both PCle and USB3, upon power-up, and as long as no load is detected at the output of
the transmitter, an agent must keep its own input common mode impedance at a high value (USB3: Zgx-
HIGH-IMP-DC-POs > 25 K-Ohms [11], and for PCle: Zrx-HiGH-IMP-Dc-POs @and Zrx-HIGH-IMP-DC-NEG, in the range of >
10-20 K-Ohms [10]). This lets any upstream agents know, in turn, that a final destination Rx is still
absent, since their Rx detection would continue to fail. Conversely, when an agent detects an Rx at its
output, then it must turn its own input differential terminations and common mode input impedance
ON to their nominal (low) values (USB3: 36-60 Ohms per differential side and a common mode of 18-30
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Ohms [11], and for PCle 1.0/2.0 40-60 Ohms per differential side, and for PCle 3.0 it is bounded by Rigx-
cm of 6 dB, [10]).

Many PCle and USB re-drivers possess the ability to detect an Rx, and behave similarly to a link agent, in
order to allow power savings in a system. When no load is connected to a re-driver, it turns its input
terminations to high-impedance, in order to let the upstream agent’s transmitter (driving its input) know
also that no downstream receiver is present. The re-driver’s output is usually also turned off (set to a
high impedance of a few 10s of kilo-ohms) in order to save power. The differential outputs reach an
approximately equal voltage, with a certain common mode value.

All USB3 re-drivers seem to perform Rx detection. After power-up (or after a certain input control pin is
toggled), an Rx-Detect cycle is performed periodically (typically every 12 ms). In PCle, most re-drivers are
capable of Rx detection, but not all offerings on the market now do. When a PCle re-driver is incapable
of Rx detection, then its input termination is turned on continuously upon power up, and the upstream
agent’s Rx detection would always succeed, even though there might not be a real load at the end of the
link. In that case, the upstream agent goes immediately into training mode. But, since it does not detect
a training response back form a downstream agent, it goes next into Compliance mode, where it sends a
compliance pattern repeatedly. This is not a fatal error. It just implies extra power consumption in both
the re-driver and the upstream agent.

There is no Rx-detection specification in both the 10G-KR and SATA specifications. In SATA, some agents
turn their input terminations ON always to the 50-Ohm nominal value.

3.1.10 Sideband Programming Bus (Typically, 12C, SM Bus, or Strap Pins)

Depending on the market segment and bus specification intended for a re-driver, different means are
provided to enable the designer to select the CTLE, TxEQ, Output Voltage Differential (VOD) swing,
Squelch Threshold, etc. These means range from strap pins (set to ground, Vdd through a resistor, or left
open circuited), to full 12C [12] or SM Bus [13] inputs. USB3 and SATAS3 re-drivers tend to use strap pins,
due to their relative simplicity, while re-drivers intended for PCle and KR busses typically use 12C or SM
bus programming inputs, in order to provide fine equalization resolution, and more flexible parameter
and feature selection. Each direction of transmission, such as host to device (downstream), or device to
host (upstream) is usually controllable independently, so the designer could select the required CTLE,
TxEQ, Gain, etc. values appropriate for that direction’s channel, Tx, and Rx.

3.2 Re-driver Types: Limiting and Linear

There are two main types of re-drivers in terms of input-output amplitude transfer functions: Linear,
and Non-linear. This pertains to the amplifying stage (or stages) in the re-driver.

3.2.1 Limiting (Non-linear) Re-drivers

Some re-drivers in the PCle and KR domains, and all of the ones in the USB3 and SATA3 domains, at the
time of this writing, are of the limiting amplifier type. Referring to Figure 7, this means that as the input
differential amplitude rises from zero, the output amplitude (irrespective of waveform shape), starts
rising very quickly, reaches saturation, and its wave shape is stable at full swing, unaffected by any
further input amplitude increases. This happens at a small differential input voltage of around ~100 mV,

10
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usually. Limiting re-drivers are easier to design. Furthermore, they can employ both an input CTLE, and
an output TxEQ, as depicted in Figure 3 which showed the typical micro-architecture of a limiting re-

driver.

Vout-diff

_".-_nn__._‘_

i
P
I} s ;
S

i

Vin-diff i

“r.

",._. :‘.*-p:-. o g

Figure 7 Relationship between input and output amplitudes of a “Limiting” re-driver, showing a
quickly-growing output (red) as the low switching threshold is approached, then a regerenarted
“square-like” output wave (green) once the threshold is surpassed. Jitter, added TxEQ, and
bandwidth-limitted smoothing are not shown.

Figure 8 shows time domain waveforms at the output of a limiting re-driver as its input signal amplitude
is raised in regular steps, where the output follows the input dis-proportionately, then quickly ceases to
increase, due to the onset of limiting. Notice that the output saturates at small input amplitude. In
addition, the pre-existing pre- and post-shoot equalizations of the input are obliterated. The pre-shoot
in the input signal disappears from the output of the re-driver which applies only its own equalization to
the output (only post-shoot, or de-emphasis in this example). Hence, a limiting re-driver severs the
analog wave shape relationship between its input and output, but does not sever the switching-edge-

crossing timing relationship, or jitter.
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Figure 8 Input (top) and output (bottom) of a limiting re-driver as the input amplitude is raised at
regular small intervals, and the re-driver output goes into saturation, ceasing to grow. Note the
obliteration of pre-existing equalization in the input; the re-driver adding only its own.

For the sake of further illustration, Figure 9 depicts the simulated bit stream and eye diagrams at the
input and output of a limiting re-driver placed in a lossy channel. The analog delay between the input
and output is indicated by a grey dot.

With limiting re-drivers, un-equalized pre-channel ISI (under-equalization) or added ISI (over-
equalization) by the re-driver’s CTLE appear at the output as deterministic timing jitter (Dj), with a
complete loss of signal shape information. This renders under- and over-equalization uncorrectable by a
final downstream receiver. Figure 10 shows the signal at the output of a limiting re-driver’s CTLE
followed by its first limiting amplifier stage, where it is easy to see that un-equalized ISI results in pure
Deterministic jitter (Dj) of the high-frequency type, which the Rx downstream cannot remove. This is
due to the clipping (or re-shaping) nature of the amplifier which morphs all signals at its input into ideal
“square-like” waves at its output, thus leaving only time axis crossing information, in the form of jitter.
This is one reason why limiting re-drivers usually extend channel reach less than linear ones, when all
other aspects are equal. A limiting re-driver might extend the channel by ~40% (in total dB), while a
linear one might be able to achieve ~60%.
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Figure 9 Simulated waveforms at the input (top left) and output (top right) of a Limiting re-driver,
depicting the “regeneration” (“squaring”) of wave shape, and the associated eye diagrams (bottom).
TxEQ is also present at the output.
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Figure 10 Simulated output of a limiting re-driver’s CTLE which is followed by a limiting amplification
stage (left), and the output from the final driver (right). TXEQ is present at the output. Notice the pure
time axis crossing jitter which is not compensable by the final Rx at the end of a link.
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3.2.2 Linear Re-drivers

Some re-drivers (especially those targeting PCle 3.0 and KR) are built around linear amplifiers. Linearity
means that --irrespective of incoming and outgoing signal shapes-- when the amplitude of the input
signal is varied, and the amplitude of the output signal is measured, that there is a near-linear
relationship between the two amplitudes, as shown in Figure 11.

=

Vout-diff

Vin-diff

v

>
L
o 2
R

r
a

Figure 11 Relationship between the input and output amplitudes of a “Linear” re-driver, showing
linearity over a certain input range, and the eventual onset of saturatuon (or compression).

Relative linearity persists up to a certain value of differential input amplitude, and then compression
sets in, until the output remains stable no matter how high is the input amplitude. The beginning of the
end of linearity is usually indicated by a compression level, of say 1 dB, and may occur at as little as ~200
mV or up to ~600 mV of input differential amplitude, depending on the vendor, and gain settings. The
compression level is defined as:

Compression level in dB = 20 * Log10 (Actual Output Amplitude / Linearly-projected output Amplitude)

Thus, a compression level of 1 dB means that the actual output is ~11% smaller in amplitude than the
straight line projection of its value (at the same input amplitude point), as shown by the small double
arrow in Figure 11.

It is worth noting that linearity does not mean that the input signal shape is identical to the output
shape. It merely means that the relationship between the input amplitude and the output amplitude is a
straight line, to a reasonable degree of approximation. The actual shape of the output is actually
determined by the input signal shape and the equalization imposed on it by CTLE and TxEQ (if the latter
is present). In other words, the output shape is a function of the input, and the overall frequency
domain transfer function of the re-driver, H(s).

Figure 12 shows the waveforms at the output of a linear re-driver as its input signal amplitude is
increased gradually, where the output follows the input proportionately, but eventually ceases to do so,

14
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due to the onset of compression (or end of linearity). The magnitudes of pre- and post-shoot relative to
the full signal amplitude are affected as compression sets in.

Re-driver Differential Input, V

323.0 3240 " 3250 3260 327.0
Time, ns

Re-driver Differential Onput, V
. =]
2
i

Q@ {t

323.0 " 324.0 325.0 326.0 ' 327.0
Time, ns

Figure 12 Input (top) and output (bottom) of a linear re-driver where the input amplitude is increased
at regular intervals until the output goes into compression, i.e. ceases to grow at the same rate as the
input. Compression diminishes the relative magnitude of equalization.

Linear re-drivers may or may not have TxEQ at the output (usually not). When they do not, they usually
have a strong CTLE. In fact, TXEQ and CTLE perform similar (but not the same) transformations in the
frequency domain, and the absence of TXEQ can be overcome by making CTLE stronger, in the linear
case. Figure 13 depicts the micro-architecture of a linear re-driver which does not have output TxEQ.

For the sake of further illustration, Figure 14 shows an example of the expected wave shapes at the
input and output of a linear re-driver. The output is not square-like, and has some resemblance to the
input, and its shape is only altered by the amount of applied equalization. Both the analog amplitude
and timing relationships between the input and output are maintained, albeit altered by the transfer
function (H(s)). Unlike a limiting re-driver, the shape information connection between the pre-channel
and the post-channel is not severed by a linear re-driver.
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Figure 13 Conceptual micro-architecture of a linear SerDes re-driver without TXEQ, showing one signal
direction, comprising a differential data path, with programming and control blocks. In this case,
equalization is achieved via a strong CTLE only.
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Figure 14 Simulated waveforms at the input (top left) and output (top right) of a “Linear” re-driver,
depicting the equalized waveform, and the associated eye diagrams (bottom). Note the clear analog
relationship maintained between input and output, and the lack of square-wave-like regeneration.
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Figure 15 shows the transfer function (magnitude of the differential S-parameter SDD21) of the
combination of a PCB transmission line and a linear re-driver for various equalization settings of that
particular re-driver. The settings range from under-compensation to overcompensation of the
transmission line by the re-driver. Figure 16 shows the residual phase deviation from linearity for the
same setup of Figure 15. Note how it is not possible to find a setting which makes the transmission line
“disappear” fully. This illustrates why re-drivers change the character of a channel into which they are

inserted.

Over-compensated

Well-compensated

Under-compensate

Magnitude (SDD21)

Frequency

Figure 15 Measured magnitude of SDD21 of a re-driver plus a transmission line channel for various re-
driver equalization settings, showing the overall transfer function of the combination.

SDD21 Phase Deviation From Linearity

Frequency

Figure 16 Measured phase deviation from linearity of SDD21 of a re-driver plus a transmission line
channel for various re-driver equalization settings, showing the overall transfer.
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An advantage of a linear re-driver is that its equalization applies toward the full channel (pre-channel
plus post-channel), since the re-driver and the channel represent a linear system where --to first order--
the location of the transfer functions does not affect the final outcome --Other considerations however,
make certain placements more preferable (See section 10.3). Furthermore, if a linear re-driver’s CTLE
capability is insufficient to compensate well for the pre-channel and/or post-channel, then the final
receiver’s CTLE and DFE could supplement the overall channel equalization. This is in contrast to a
limiting re-driver (section 3.2.1), where under- or over-equalization appears at the output as timing jitter
only, with a complete loss of signal shape information, thus rendering it un-equalizable downstream.

While a linear re-driver’s equalization can apply toward compensating for the pre and/or post-channel,
there is a change in the overall channel’s transfer, even when the re-driver is programmed most
optimally. The residual transfer function expressed by Figure 15 and Figure 16 causes the overall
channel transfer function to deviate in its shape from that of a purely passive channel. This causes
distortion in the equalization sent by the source Tx, as it appears to the final Rx, and will be discussed in
latter sections on PCle 3.0 and 10G-KR interoperability. This is in contrast to the limiting re-driver case,
where the residual (uncompensated) part of the channel expresses itself as just deterministic un-
compensable jitter (section 3.2.1).

3.2.3 Other Attributes of Linear and Limiting Re-drivers

3.2.3.1 lJitter Handling

Random jitter (Rj) and non-ISI deterministic jitter (Dj) [14] entering a re-driver are essentially passed on
from input to output, albeit with a change in magnitude (spectral content) due to the re-driver’s
equalization circuits’ transfer functions and their limited bandwidth.

Both limiting and linear re-drivers add a certain amount of Rj and Dj due to their own circuits, and their
power supply noise. Hence, it is important that the supply (Vdd) of a re-driver meet the manufacturer’s
noise recommendations. This is made less important, in some case, by virtue of the presence of a Linear
Voltage Regulator (or Low-dropout Regulator, LDO) inside a re-driver, which improves its Power Supply
Rejection Ratio (PSRR). Added Random jitter (Rj) is caused by thermal noise and popcorn (Burst, or 1/f)
noise. Thermal noise is determined by the design, and can only be reduced by consuming more current
in the re-driver’s internal circuits (which raises device power) and is outside the control of the user.
Popcorn noise is determine by the semiconductor process technology and transistor sizes, and is also
outside the control of the user.

Since any re-driver’s CTLE and TxEQ settings cannot equalize the pre- and/or post-channels perfectly at
all frequencies, under or over-equalization of the channel will appear as either additional ISI (in the case
of a linear re-driver) or additional Dj (in the case of a limiting re-driver). Neither CTLE nor TxEQ could
achieve perfect cancellation of a channel’s loss, mainly since passive channel loss starts as a square root
function of frequency, and then quickly becomes virtually linear with frequency (section 1.3), whereas
CTLE and TXEQ have a frequency response representing a peaking band-pass function, with curved
amplitude vs. frequency shape. Figure 15 and Figure 16 showed the residual frequency response of a
channel plus re-driver combination, even after the best CTLE settings have been chosen.
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Semiconductor process, voltage, and temperature (PVT) variations cause a re-driver’s equalization to
vary part to part, and system to system. Such variations might range from approximately +/-0.5 to +/-1.5
dB. In addition, PCB material high-volume manufacturing (HVM) variations and temperature/humidity
loss dependence, all render a re-driver’s fixed settings suboptimal, eventually. All these variations
express themselves as added ISl (linear re-driver) or un-compensable Dj (limiting re-driver). To give an
example of PCB loss variations, a 15 dB channel extension could suffer from an increase in loss of 1.5 to
3 dB over a 55-C temperature range and humidity range (for a server design), depending on its material
properties [15] [16] [17].

To illustrate the effect of temperature alone, Figure 17 shows the input eye to a limiting re-driver
located near the middle of a long channel operating at 5 Gb/s, at room temperature. It also shows the
re-driver’s output eye, and the eye inside a receiver having only a CTLE. Notice a receiver input eye
opening of 97 ps. Figure 18 on the other hand, depicts the same waveforms after raising the
temperature of only the PCB by 55 degree centigrade, and increasing the total PCB loss by only 10%.
Notice the increased jitter at the re-driver’s output eye, and the reduced eye opening post-CTLE, all
caused by the increase in channel loss, which remains uncompensated for by a statically-programmed
re-driver. Note that some PCB materials may have a loss increase approaching 20% for the same
temperature rise and humidity increase, and that would cause significant further deterioration. Also
note that the re-driver’s equalization is not assumed to change as a function of temperature in this
example, which is optimistic.

Any system could start up cold, warm up to it maximum temperature rating (or vice versa), and must
remain functional at the required BER. In addition moisture content may change as the system warms
up. Many receivers perform their initial training upon system start-up, and some of their equalization
settings may remain unchanged thereinafter. That is usually referred to as “Start or Train Cold, Run Hot”
(TCRH), or “Train Hot, Run Cold” (THRC). Such receivers are usually deigned to be able to accommodate
channel loss changes versus environmental conditions assuming a base maximum spec channel. When a
channel extension plus a re-driver are added, further accommodation of their environmental variations
requires spare link margin, and appropriate validation.
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Figure 17 A simulated channel (~29 dB total @2.5 GHz) with a limiting re-driver located off the middle,
showing re-driver output eye (Total jitter of 31 ps due to uncompensated ISI) & receiver internal post-
CTLE eye (97 ps), at room temp. No non-ISI Dj & no Rj from the Tx, re-driver, or final Rx are included.
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Figure 18 The channel of Figure 17 after raising only the PCB temperature by 55 C, & changing PCB loss
by only +10% (Some PCBs may manifest up to +20% for a 55-C rise). Notice the increase in the re-
driver’s output uncompensable ISI-caused jitter (rising to 39 ps), & the reduced eye inside the final

receiver (dropping to 75 ps). Temperature effects on the re-driver itself were not included.
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3.2.3.2 Re-drivers and Non-ISI Distortions (e.g. Reflections)

Since a re-driver lacks a CDR or a clock, and has bandwidth-limited equalizing circuits, it can only
compensate partially (strictly speaking) for the loss in a channel. In addition, Distortions caused by
reflections (discontinuities) and cross talk (from neighboring aggressors), are handled differently by the
two types of re-drivers: Linear and non-linear:-

In the case of a linear re-driver reflections and cross talk artifacts are passed on to the output --albeit
with some shape change depending on the frequency domain transfer function and linearity of the
device, Figure 19. Furthermore, a linear re-driver amplifies noise and cross talk, just as it amplifies the
main signal, and hence does not improve the Signal to Noise ratio (SNR) significantly. This is why placing
a linear re-driver very close to the final Rx (short post-channel) runs the risk of shorter link extension,
than placement near mid-channel, due to amplification of accumulated crosstalk.

In the case of a limiting re-driver, reflections and crosstalk artifacts are largely eliminated from a
voltage (amplitude) point of view (assuming that they still occur above the re-driver’s switching
threshold), but are both converted into deterministic jitter, especially in the case of either artifact
occurring on the rising or falling edges of the incoming signal, Figure 20.
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Figure 19 The simulated effect at the output of a "Linear" re-driver of a severely reflective channel
discontinuity. Notice the changes in the incoming and outgoing waveforms and the eyes, relative to
Figure 14.
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Figure 20 The simulated effect at the output of a "Limiting" re-driver of a severely reflective channel
discontinuity. Notice the changes in the incoming waveforms and the eyes, and the increase in output
jitter, while maintaining the max eye amplitude, all relative to Figure 19.

3.2.3.3 The Notion of a so-called “Spec-compliant” Re-driver

It is meaningless to require (or state) that a re-driver be (or is) Spec-compliant if no such device has
been explicitly defined in a bus’s formal specification! The main reason is that Tx and Rx compliance
specs are usually designed and stated assuming a passive channel, and do not account for an active
element in the channel (with very few exceptions). An active device adds jitter, intra-pair skew, and
alters the channel by a transfer function which is not of the same nature as a passive channel’s.

Measuring Spec compliance at a re-driver output, and requiring it to be identical to that of a standard’s
Tx, is not meaningful, either. The reason is that a re-driver is not meant to drive a full maximum Spec
channel at its output, like a standard Tx is meant and specified to do. A seemingly more relevant
location at which to measure Spec-compliance (albeit still outside of the Spec, strictly speaking), is a
clearly defined compliance point, such as in the USB3 (after a reference input CTLE), SATA (at a
connector), or SFI (off a host compliance board). For these buses, a re-driver (be it limiting or linear) is
still non-Spec-compliant, strictly speaking, due to its altering the ratio of compensable ISI to un-
compensable jitter. See section 4 for more details on this subtle point.

Further complications arise with standards like PCle 3.0 and 10G-KR, both of which require the
transmitter to adjust Tx Equalization (TXEQ) to any setting requested by a receiver, within a specified
capability range. With these types of standards, showing that the reference receiver produces an open
eye with one TxEQ value, at a compliance point, is not sufficient to guarantee interoperability in the
presence of a re-driver. The reason is that the reference Rx used in the Spec is not a required minimum
capability (or design) for practical receivers, but is merely there to allow measuring “an eye” for the
purpose of tying different ends of the spec together. This will be discussed in detail in sections 5.5 and 6.
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3.2.3.4 Re-driver Usability with Lower Risk of Open Interoperability

While still strictly non-spec compliant, re-drivers are being marketed and used for such busses as USB3
and SATA3. Please refer to section 4 for the details on the reasons for non-spec compliance. Busses
where re-drivers are being used, with a lower (but non-zero) risk of interoperability issues, are those
which:-

e Have a static (non-adaptive) TxEQ, AND
e Have a post-EQ Rx eye Spec, such as USB3, or,
e An eye spec (mask) at a test point, such as SATA3.

In these cases, it is important to design the placement and programming of the re-driver with sufficient
guard-band, in order to ensure that the eye opening meets the Spec’s minimum eye mask, under all
HVM and environmental (PVT) conditions, and also allow the Rx some room to deal with the altered
ratio between increased non-compensable ISI (jitter), and compensable ISI (see section 4). Furthermore,
in the Case of USB3, SATA3, and even SFl, the cables or devices connected to a host may vary in length
from user to user (e.g. a 3m USB3 cable, versus a 10” cable, or a thumb drive). A host using a re-driver
must be designed to accommodate these differing usage modes.

4. Re-drivers for USB3, SATA3, and PCle 2.0

The USB3 [9], SATA3 [18], and PCle 2.0 (Gen 2) [10] standards do not specify re-drivers. Hence, re-driver
usage is outside those specifications. However, limiting re-drivers are being used in those open eco
systems. Except for one subtlety, these buses are more tolerant of re-drivers, mainly due to the fact that
they do not require TxEQ adaptation (unlike PSCle3, and 10G-KR which do). USB3, SATA3, and PCle 2.0
have a small set of required static TXEQ settings, which a statically-programmed limiting re-driver can
provide, and no further TXEQ changes need to pass through the re-driver.

Technically, USB3, SATA, and PCle 2.0 re-drivers are not Spec-compliant, due to the following subtlety:
The aforementioned Specs define receiver compliance as the ability of a device to achieve the required
BER, when plugged into a compliance channel presenting it with an eye having a specified minimum
height and width. Due to the prescribed maximum Transmitter Dj and Rj, and the maximum length of
the compliance channel, there is an implied assumption about the ratio of channel-caused ISI
(compensable jitter) to the sum of Random and Deterministic jitters which are un-compensable. When
a limiting re-driver is inserted into an extended channel, then the residual (un-compensable) ISI portion
of the eye becomes larger (see section 3.2.1) relative to the Rj and Dj profiles. This may not suite the
equalization capabilities of a receiver which does pass compliance under normal circumstances.
Consider the case of an Rx which has very high internal jitter, but relies on superior equalization to pass
Compliance. If such an Rx is presented with a Spec eye which has the required height and width, but
which has more inherent un-compensable jitter and less compensable ISI (than during compliance), then
it is plausible that such a receiver might fail to open that eye well-enough for its own low BER sampling,
since the USB3 input CTLE is informative only (section 6.8.2. of [11]) and no equalizer is specified in PCle
2.0.

It seems that despite the above cautionary consideration, hosts using a USB3, SATA3, or PCle 2.0 re-
driver, which are capable of producing the pre-scribed eye at a compliance point, are being assumed to
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be compliant by some designers. This would be especially incorrect for PCle 3.0 and 10G-KR, and the
reader is referred to section 6 and 9 for a full explanation.

All re-drivers for USB3, SATA3, and PCle 2.0 on the market are of the limiting type (section 3.2.1), at this
time. The ability of a good re-driver to extend the channel is on the order of roughly 50%. If one leaves a
guard-band of 10%, then it is on the order of roughly 40%. Thus, a 19.6-dB USB3 Spec channel could be
extended by about 8 dB of loss, assuming that the re-diver is placed appropriately, as explained in
section 10.3. There are some variations in the capabilities (and programming sophistication) of re-
drivers from different vendors.

Most datasheets tend to state channel extensibility in terms of inches of FR4. But, length is not the
relevant measure, since low-cost FR4 has a loss range from around 0.7 dB to 1 dB per inch at 4 GHz,
depending on the specific materials being used, and the line geometry. A better way of stating channel
extension would be in terms of total dB of loss at a specific frequency, of say 2.5 GHz for USB3 & PCle
2.0, or 3 GHz for SATAS3.

5. The PCle 3.0 Equalization Adaptation Protocol

The PCle 3.0 Base Specification [10] requires that a compliant Tx be able to produce any of the output
equalization (TxEQ) levels shown in Figure 21, whenever requested to do so by the receiving port, during
link equalization training. The same specification describes a protocol of TXEQ adaptation, where the
host (upstream agent) or the end device (downstream agent) can each request that any of the TXxEQ
values in Figure 21 be presented to them by the other agent on the link. The intent of adaptation is to
allow both agents to adjust the link partner’s TXEQ to an optimal value for their receiver, and for the
specific channel and operating conditions at hand.
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Figure 21 PCle 3.0 required Tx Linear equalization settings according to the PCle 3.0 base specification,
showing pre- and post-cursor coefficients.
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The table in Figure 21 shows the minimum granularity and range of TxEQ for PCle 3.0. There are two
equalization locations, “Pre-shoot” and “Post-shoot”. The Pre-shoot (Pre-cursor) level is indicated by the
coefficient C.; and can range from 0 to 0.25. Post-shoot (also called De-emphasis) is indicated by the
coefficient C,1 which can also range from 0 to 0.25. The cursor is usually called Co. The sum of the
absolute values of all three coefficients is normalized to be equal to 1. Thus:
|Ca] + [Co| + [Cial =1, Cu<0,Cs<0

Only C; and C,; are adjustable directly, whereas Co is always derived from the above equation. The
output signal amplitude is composed by applying the following FIR filter function:

V_outn = (V_inn+1 * Ca) + (V_inn * Co) + (V_inn-1 * Co1)

The above FIR is depicted in Figure 22. Where V_inn is the current bit (cursor), V_inn+1 is the next bit,

and V_inn-1 is the previous bit (before the cursor). The differential voltage swing of the Tx is dependent
on the TxEQ being applied, but is scalable independently of the three coefficients (C.1, Co, C+1), and can
be in the range of 800-1200 mV while driving a 100-Ohm differential load, when there is zero TxEQ.
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Figure 22 The PCle 3.0 Tx Equalization FIR filter representation. (Note: The 10G-KR Filter is similar in
definition).

This PCle 3.0 TXEQ adaptation [10] protocol has 4 phases, defined as follows:-

5.1 Phase 0

PCI Express links always start at 2.5 GT/s. Before changing to the higher rate (8 Gb/s), an upstream
agent (downstream port) and downstream agent exchange information on the range and granularity of
TxEQ values supported by each transmitter at 8 GT/s.

The upstream agent instructs the downstream agent on which TXEQ setting to start transmissions with,
once the link transitions to 8 GT/s. The upstream agent picks its initial TXEQ setting to use for its
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upstream agent transmitter at 8 GT/s based on system knowledge of the channel lengths on the
motherboard.

5.2 Phase 1

The link transitions to 8 GT/s, and both receivers must be able to start receiving with a BER of E-4, or
better, with the initial TXEQ settings (decided in Phase 0) at 8 GT/s.

5.3 Phase 2

The downstream agent sends to the upstream agent one or more requests for any TXEQ settings chosen
from the table in Figure 21, until it decides on an optimal setting. The implementation details of how an
eye (or BER) is evaluated, is left to implementation. Different receivers have a variety of algorithms for
both internal CDR convergence, and eye goodness or BER estimation. Since they are implementation-
specific, they could range from exhaustive searches, to methods of steepest descent, which could be
subject to local extrema traps. In addition, “no changes” in the perceived eye or BER (for example due to
a limiting re-driver) might also trip a “Best eye” or “Best BER” search state machine, depending on its
specific logical constructs.

5.4 Phase 3

Here, the roles of phase 2 are reversed, and the upstream agent (downstream port) makes TXEQ preset
and change requests to the downstream agent. If the training is successful, then at the end of this phase
the link is established at a BER of at least 1E-12, both in the downstream and upstream directions.

5.5 PCle 3.0 Open Interoperability

Open Interoperability is the notion that any pair of specification-compliant devices (or agents) ought to
be able to find TXEQ equalization values appropriate for each agent’s Rx from the other agent’s Tx, and
be able to operate the link in both directions at BER of 1E-12, automatically.

The PCI-SIG facilitates standard compliance testing for devices implemented to the Electromechanical
(CEM) specification [19]. A compliant Tx passing CEM at 8 GT/s requires that it be able to produce a
minimum eye at a BER of 1E-12 when driving the appropriate CEM Reference channel. The eye is
measured after the reference equalizer defined in the PCI Express 3.0 base specification — including one
of 7 CTLE curves (whichever one works best) and a one tap DFE [10]. A compliant Tx is required to
produce the aforementioned minimum eye for at least one TXEQ preset. Furthermore --but using a
separate test-- a compliant Tx is also required to produce all the other equalizations values tabulated in
Figure 21, and this is done by testing it for a selected subset of values (the “Presets”), and requiring that
its design be able to produce all the other values in the table. Aside from equalization capabilities, a Tx
is also required to meet certain deterministic and random jitter maximum specifications [10].

It is important to understand why the accuracy of the Tx equalization across the required TXEQ space is
tested in addition to the eye test. The PCl Express 3.0 base specification defines a receiver “Stressed
Eye” test that all compliant receiver silicon must pass. To test Rx for compliance, it is plugged into the
CEM test channel, which is driven by a calibrated Tx (say from a JBERT). The Tx calibration process for
this receiver test is illustrated in Figure 23. The Tx amplitude calibration is done with the Tx Equalization
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fixed first to 0 dB of pre-shoot and 0 dB of de-emphasis. Then the Tx EQ is set to Preset 7 (P7) [10], and
noise sources are added and adjusted until the eye --measured at the end of the reference channel (TP2)
is 25 mV and 0.3 Ul at a BER of E-12 --after applying a reference receiver with a certain equalizer having
a CTLE and 1-tap DFE, defined in the specification [10].

After Tx and eye calibration, the Rx under test (such as one on a PCle card, or a host) in attached to the
CEM setup. The Rx is allowed to request adjusting the TXEQ to any other value (other than P7) in the
space shown in Figure 21, until it achieves a BER of 1E-12. Silicon receivers are NOT required to work as
well as the reference receiver at a given TxEQ setting — regardless of channel length. Therefore — it is
important that a transmitter be able to reproduce the entire required TXxEQ space faithfully. Silicon
receivers may have a strong preference anywhere in this space, and have performance that degrades
rapidly away from the ideal TxEQ region for that receiver. This means that performing a host Tx eye test
with the reference receiver, and showing that it passes with a single TXxEQ setting, is not a sufficient to
guarantee interoperability. This would only be true if all silicon receivers were required to work as well
as the reference receiver at all possible TXEQ settings, which is not the case in PCle 3.0.

One might then ask: Why does the PCle 3.0 Spec use a reference Receiver? Section 4.3.4.3.5., of the
base specification [10], describes the role of the reference Rx, and how it is not a required design
implementation:-

“For the longest calibration channel the stressed eye will be closed, making direct measurement of the stressed eye
jitter parameters unfeasible. This problem is overcome by employing a behavioral receiver equalizer that
implements both a 1st order CTLE and a 1-tap DFE. For the short and medium calibration channels the behavioral
Rx equalizer shall implement a 1st order CTLE only.

Rx behavioral CTLE and/or DFE are intended only as a means of obtaining an open eye in the presence of calibration
channel ISl plus the other signal impairment terms. The behavioral Rx equalization algorithm is not intended to
serve as a quideline for implementing actual receiver equalization.” (Emphasis added).

Fixed TX EQ
l | |
8 GT/s PRBS Combiner Calibration Channel Replica Test Equipment
Generator Channel
| |
TP1 TP2
Post Processing Scripts:
Ri Sj Diff M Rx pkg model
Source Source Interfer Interfer Behaviorial CTLE/DFE
ence ence Behavioral CDR
EW Adjust EH Adjust TP2P
25mV /.3 Ulat E-12 BER

Figure 23 PCI Express 3.0 Rx Stressed Eye Calibration Setup.
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The PCle 3.0 Base Spec [10], & PCle 3.0 CEM spec [19] guarantee that devices whose Tx & Rx pass
compliance testing independently, will interoperate, by requiring (or allowing) all the following:-

1. A Tx must be able to produce any of the pre- and post-shoot values in Figure 21, upon request from
an Rx, and also meet specified tolerance requirements (+/-1 dB for pre-shoot, and +/-1 to 1.5 dB for
post-shoot). See table 4-16 of [10].

2. A Tx must pass a compliance eye mask test at a minimum of one (or more) of the TxEQ values of
Figure 21.

3. A Tx compliance eye must be obtained using an informative spec Rx, which is provided for
measurement purposes, and also for simulating a channel using a minimally-compliant spec Rx.

4. An Rx s allowed to request any of the TXEQ values of Figure 21, and receive them from the link Tx.

5. An Rx achieves a BER of 1E-12 for one (or more) of those TxEQ values --any of its choosing. A
spec-compliant Rx is not required to match the performance of the reference Rx at any specific TXEQ
setting — but must match, or exceed, the reference Rx for at least one TXEQ setting.

6. The TxEQ selection algorithm used by the Rx to achieve a BER of 1E-12 is implementation-specific.
7. The architecture of the Rx (its equalization and CDR) is implementation-specific.

8. The TxEQ at which a Tx passes compliance may differ from that required by different receivers to
pass compliance.

9. The channel between Tx and Rx --the CEM channel described in [19] is passive. That channel has 2
connectors and 3 boards, and transports the TXEQ space of Figure 21 in a deterministic manner. Due
to this attribute, the CEM channel is suitable for both Tx and Rx compliance testing. The CEM
Channel’s passivity assumption underlies open interoperability. An Rx design would rely on
such a channel during design simulations, and later also during physical compliance testing.

The presence of re-drivers (even the linear type), as will be shown in section 7.2, distorts the TxEQ space
of Figure 21 in a manner different than the passive CEM spec reference channel alone does. Thus, re-
drivers present a compliant Rx with a link where it might never be able to find a TXEQ which appears to
it in the same fashion it did during its compliance testing. The distortion is worse than that of added
vias, or other passive components, as can be shown in simulations within a relevant range of
frequencies.

Stated at a high level, an active component, which is not specified in the Base Specification, has no room
in a compliant link, since the Spec does not budget for such a device’s transfer function and tolerances.
This determination was also made by the PCI SIG. Hence, the SIG recommends using compliant re-timers
[20].

6. Re-driver issues in PCle 3.0

The PCle 3.0 Base Specification [10] is completely silent on extension devices (including re-drivers). A
repeater ECN --which specifies re-timers-- has been approved, and is available through the PCI-SIG’s
website [20]. When an active device (other than a re-timer) is placed in a PCle 3.0 link, the above
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scheme of open-interoperability (section 5.5) based on TXEQ Figure 21, passive channels, and the Phase
2/3 adaptation protocol, is no longer valid, strictly. More detailed reasons are given in the next two
subsections for each type of re-driver.

6.1 Limiting Re-drivers versus PCle 3.0 TXEQ Requirements and Adaptation
Protocol

Referring to section 3.2.1, a limiting re-driver re-shapes the incoming signal at its output, turning it into a
pseudo-square wave (with finite rise and fall times), with a new statically-programmed TxEQ. Thus, the
TXEQ changes requested by either host or end agent in phases 2 and 3 (sections 5.3 and 5.4), are
blocked from passing through the re-driver. Hence, the port requesting the TXEQ change would not be
able to see its effects, since the expected signal shape change is blocked by the limiting re-driver.

Furthermore, since the Base Spec [10] is silent on the exact implementation of the TXxEQ adaptation
algorithm in a receiver, then it is entirely possible that some algorithms might fail (time-out) completely.
Consider a case where an agent requests a TXEQ change, and expects to see a different eye, hence a
different BER, and checking that against a pass/fail criterion. If the check comes back with the same
result every time, (since the limiting re-driver is blocking TXEQ changes from passing), then depending
on the specific algorithm used, the Rx might time out.

Hypothetically, a system designer might be able to select a specific limiting re-driver, and program it
statically in such a way that it could operate with one, or a small and well-characterized (tested) set of
link partners while effectively disabling the TxEQ adaptation protocols on both ends of the link. This
implies that neither agent in the link should even attempt to optimize the link any further. A PCle 3.0
host can disable Phases 2 and 3, and the end agent would default to the values sent to it by the host in
phase 0. Such a system is referred to here as a “Closed System” or a “Closed-slot System” which does
not support open interoperability (Section 10.1). The market might not offer a wide range of limiting re-
driver with a high enough frequency, and a wide enough TxEQ space for this to be possible.
Furthermore, disabling TxEQ training would entail intervention into the firmware of a system.
Hypothetically, such a usage model should ensure that firmware could disable coefficient update
requests during training.

6.2 Linear Re-drivers vs. PCle 3.0 TXEQ Requirements and Adaptation Protocol

Referring to section 3.2.2, a linear re-driver does allow incoming signal shape changes to appear at its
output. TXEQ changes requested by either the host, or the end agent, in phases 2 and 3, could pass
through the re-driver, and the requesting agent can detect a change in the eye opening, or the BER.

There is an issue which arises when a “Linear” active device is introduced into a channel. As explained in
section 3.2.2, linearity only implies that the relationship between the incoming and outgoing signal
amplitudes is that of direct proportionality (a straight line), irrespective of their shapes. But, the active
device would alter the incoming signal shape according to its frequency domain transfer function H(s),
which is a function of its CTLE, TxEQ (if any), and amplifier frequency response. In principle, it is not
possible to design a compact equalizer (using a finite number of poles and zeros), to compensate
perfectly for the loss-vs-frequency function of a PCB channel (section 1.3), especially with current &
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foreseeable gain-bandwidth process capabilities. There are extraneous amplitude and phase effects
which render the compensation imperfect.

Furthermore, PVT variations of the re-driver and the extension PCB would cause deviations in the
compensation, and add tolerances to apparent TXEQ which are unaccounted for by the pre- and post-
shoot tolerances allowed in table 4-16 of the base PCle 3.0 specification [10]. In addition, re-drivers have
a finite number of programmable settings for their CTLE and TXEQ. The discrete nature of the settings
means that, even if the re-driver has the perfect frequency response which cancels the channel
extension, there would most likely be either over- or under-equalization, both of which alter the pulse
response of the channel. Figure 15 and Figure 16 are an example of such deviation.

When a channel extension is imperfectly compensated for by a linear equalizer (re-driver), then there is
no guarantee that the equalization space tabulated in Figure 21, would appear to the Rx in the same
way it does, when the channel is only a passive channel, within the limits of the specification.

Receiver design is implementation-specific (not even having to meet any specific CTLE or DFE
equalization requirements, as was stated in section 5.5), and some receivers seem to prefer certain
regions of the equalization table in Figure 21, e.g. a specific preference for pre-emphasis and/or de-
emphasis. If such a region appears distorted due to the placement of a re-driver, then the receiver might
not find an operating point at a BER of 1E-12. There are other factors also which might affect link health,
such as noise (deterministic or random jitter) which might be added (or amplified) by a re-driver.

The notion that if a linear re-driver is set to over-compensate an extension (hence compensate some of
the base Spec channel also), then CEM could be met, is also flawed. Actual testing has shown this notion
to be inaccurate, since over-compensation causes TXEQ distortion just as under-compensation would
(See section 7.2). Please also note that since re-drivers are not constrained by any specification, it is not
even possible to re-define a new “Re-driver-friendly” CEM eye --which might guarantee open
interoperability-- if presumably met by an extended channel which is compensated (or over-
compensated) by a re-driver!

Practically, TXEQ adaptation might succeed in finding an operating point for several host/end device
combinations. However, there is no longer an implied Spec guarantee that this would hold true always,
for any two devices that pass CEM compliance independently, in the open market. Despite this, some
designers are using re-drivers in systems that are meant to be openly interoperable. With the
information provided in this document, a designer should be better-prepared to understand the
implications, and make his or her own risk-taking judgment.

In addition, a host designer might be able to select a specific linear re-driver, and program it in such a
way that it could operate with a well-characterized (tested) set of end agents. Such a system is still

referred to here as a “Closed-slot System”, which does not support “unconditional” open
interoperability (see 10.1).
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7. Comparative Evaluation of Linear PCle 3.0 Re-drivers

While PCle 3.0 and 10G-KR re-drivers can never be openly interoperable, they are sought by many
designers as a convenient method to extend those channels. Pressure is mounting to provide designers
with a method to select the best re-driver offering. In support, the authors developed, and tested, such
a method. The method provides an objective approach for comparing (and choosing) the best device for
“Closed-slot” design, and also demonstrates the degree of departure from open interoperability, thus
giving the designer a measure of such risk. The procedure is based on the following principles:-

A. The CEM channel is the most relevant baseline for comparing re-drivers as they lengthen that same
channel (using a PCB extension), with both extended and un-extended channels tested under identical
spec stress levels.

B. A better re-driver is one which is able to convey the TxEQ space of Figure 21 with more fidelity than
another.

7.1 A CEM-based Method for Evaluating Linear PCle 3 Re-drivers

Referring to Figure 24, which shows a CEM channel and a CEM channel plus extension, the test
procedure is as follows:-

1. Calibrate the BERT for the standard PCI-SIG CEM Rx test procedure (for the specific BERT being used),
as described by the CEM test procedures, including V-swing, RJ, Sj, and DMI. (See [19]).

2. Measure the CEM eye using the CEM channel alone (Figure 24 A), at room temperature (e.g. 27 C) for
a wide range of TxEQ values, using the standard presets (PO through P9), plus additional points as
indicated by the green ellipses in Figure 25. These points almost fully enclose the TxEQ space prescribed
by the PCle 3.0 Spec [10]. Repeat the measurement at least 5 times, and store each result, in order to
overcome random effects in signal acquisition and associated post-processing artifacts by SigTest.

3. Connect the extension channel to the re-driver alone (Figure 26), and configure the re-driver’s
settings such that it produces P7 most faithfully when driven by the BERT (no jitter or DMI enabled),
with an extension channel. Alternately — follow the re-driver vendor recommendations for how to
select the optimal re-driver settings for the desired extension channel.

4. Connect the re-driver and the extension after the CEM channel (Figure 24 B), then re-measure the
CEM eye for the same set of TXEQ values used in step #2 above. Repeat the measurement at least 5
times, and store each result, in order to overcome random effects in signal acquisition, and the
associated post-processing by SigTest.

5. Subtract the Eye Width (EW) and Height (EH) obtained in step #2 from those of step #4, then plot the
results versus post-shoot and pre-shoot, for each one of the 5 acquisitions. Positive deltas (extended
channel is better than CEM), or the smallest negative ones, are desirable.

6. Change the re-driver settings in search of better ones (e.g. sweep its CTLE peaking), and repeat steps
#4, and #5 only.
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7. Repeat steps #2 while heating the base CEM channel in a heat chamber to 80C. Repeat step #4 at 80C
also, while heating the CEM channel, the re-driver, and the extension channel. Perform the subtraction
of step #5 using the 80C results.

8. Repeat steps #3 to #7 with different extension channel lengths of interest.

A better re-driver produces a positive difference, or the smallest negative difference, in steps #5, #7, and

#8, at more of the marked TxEQ values of Figure 25.
Sigtest
3.2.0

A) Measuring the eye using the CEM channel stand-alone as a reference

J-BERT

8 Gb/s

Extension Sigtest
& ot
& Cables el

B) Measuring the eye using the CEM channel + Re-driver + Extension & needed cables

Figure 24 The two measurement setups required by the CEM-based methodology for evaluating PCle
3.0 re-drivers, each labelled individually (A & B).
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Figure 25 The TxEQ Pre- & Post-shoot space (showing C.; and C.; coefficient values) required by the
PCle 3.0 Base Spec, with the Presets & additional (green) ellipses suggested for bounding the space.

J-BERT Re- Extension
> . Channel
d
8 Gb/s river & Cables

Figure 26 The Measurement setup used to set, or verify, the re-driver equalization & any of its other
configurations.
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7.2 Some Test Results

Figure 27 illustrates the difference in EW and EH between the extended CEM (using a re-driver) and the
CEM channel only (Step #5, and #6 in section 7.1), at room temperature, for one linear re-driver
offering. Figure 28 presents the result for a second re-driver. The first re-driver yields the smallest delta,
in EW and EH, between the extended CEM and the base CEM. However, none of its settings show
positive (or zero) deltas at all TXEQ values, thus demonstrating that the re-driver distort the TXEQ space,
and invalidates open interoperability. Notice that the second device (Figure 28) distorts the TXEQ space
so much, that for several TxEQ values, the delta is highly negative, and that only the middle range of
TXEQ settings is produced somewhat faithfully. Both devices are almost equally linear, but the better
device of Figure 27 has a frequency domain transfer function which emulates the inverse of PCB loss
(compensates) more faithfully than the device of Figure 28, and does so up to about twice the frequency
range. Early Heat Chamber results suggest further degradation in the ability to reproduce TxEQ, even for
the better device, as expected. Heat degrades a re-driver’s ability to equalize, while the extension PCB'’s
loss increases at higher temperature also. These results clearly demonstrate which device is a better
choice for Closed-slot design, and also provide a basis for judging the degree of violation of Open
Interoperability. This comprehensive methodology —based on the most relevant requirements of the
Spec (CEM)-- is recommended for evaluating which is a better re-driver offering.

It is worthwhile noting the “humps” (or re-closing of the eye) in the responses in Figure 27, as the
equalization is set beyond the optimal value for any particular transmitter TXEQ. This shows that over-
equalizing a channel using a re-driver can distort the TXEQ space just as harmfully as under-equalization.
It also demonstrates why the notion, that one could use a re-driver to make an extended link look even
better than the maximum Spec channel, is flawed. Early test results (not shown here), involving an
actual silicon receiver (different than the reference receiver), also indicate that there is an optimal re-
driver setting for obtaining the best sampling eye, and that over-equalization also causes reduction of
eye width, and reduction of timing margins to the left and right of the sampling point.

While a good receiver might have a wide-enough range to work-around the presence of a re-driver, for
instance by asking for alternate TxEQ settings from the Tx, some receivers are known for requesting only
one TxEQ value, for a long channel, and are unable to search for better ones.
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Figure 27 The difference between EW (top) & EH (bot) of the “CEM+10dB (@4GHz) extension” and the
“Ref. CEM channel” using one linear re-driver offering, versus the range of TxEQs selected in Figure 21
and a number of progressively higher re-driver equalization settings. Note how no one re-driver
setting produces a positive (or zero) delta at all TXEQs. Also note how there seem to be an optimal re-
driver settings which are different for different TXEQ values. The red boxes indicate closed Ref. CEM
eyes using the Reference receiver.
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Figure 28 The difference between the EW of the CEM+8dB (@4GHz) of total extension and the “Ref.
CEM channel” alone, using a second re-driver offering, vs. the range of TXEQ values selected in Figure
21. Only the most relevant re-driver setting is shown here. Note how no one re-driver setting
produces a positive (or zero) delta at all TXEQs. The red boxes indicate closed Ref. CEM eyes using the
Ref. receiver.

8. The 10GBASE-KR Standard

10GBASE-KR utilizes 64b/66b encoding (at 10.3125 G-baud) and is part of the IEEE 802.3 Ethernet
specification [21]. It is intended to operate using PCB traces up to 1 m long, from Tx to Rx, including two
connectors which connect two boards that plug into a backplane. The recommended trace impedance
(Zo) is 100 Ohms +/- 10%. There is an N to P side (differential) skew requirement which must be less
than the minimum transition time.

KR interconnect is defined between test points TP1 and TP4 as shown in Figure 29. The transmitter and
receiver blocks include any external AC-coupling capacitors, and also packages. “Informative”
characteristics and methods of calculation for the insertion loss, insertion loss deviation, return loss,
crosstalk, and the ratio of insertion loss to crosstalk between TP1 and TP4 are defined in 69B.4.3,
69B.4.4, 69B.4.5, 69B.4.6, and 69B.4.6.4, respectively [21]. These characteristics may be applied to the
full path, including transmitter and receiver packaging and other components, such as AC caps.

35

Marvell Semiconductor, Inc. - Ex. 1018, Page 000066



Mated connector

I / [
<[> <n>
p% ﬁ—p Receiver

Transmitter | | (including

<=
U }— AC-coupling)
|

| | NOTE—<p> and <n>
represent the positive

I Backplane channel 'l and negative traces of
the differential pair

Figure 29 The KR Interconnect reference model defining the reference test points TP1 and TP4 (Fig.
69B-1 of Annex 69B, [21]).

This standard’s channel compliance is specified in a way different than PCle 3.0’s. In PCle 3.0, the
channel is considered acceptable if it is passive, and if when driven by a Spec Tx plus noise injection, it
produces a certain eye opening defined inside a Reference Receiver after application of a Reference
Equalization comprising a certain CTLE transfer function and a 1-tap DFE [10]. This is also referred to
usually as the “CEM3” eye. For a PCle 3.0 host with an open slot, a Compliance Load Board (CLB) is
plugged into the slot, and a CEM test procedure is followed, aiming to obtain an eye equal to or better
than the CEM3 eye [19], after embedding an Rx package model, and applying the aforementioned
reference equalization. Conversely, for a PCle 3.0 card, the card is plugged into the Channel Base Board
(CBB), and a CEM eye (or larger) is sought on the other end of the channel after Rx package embedding,
and application of the reference receiver.

In KR, however, the channel is specified as a standalone entity, using an informative specification (IEEE
802.3 Annex 69B, in [21]). The 69B specification defines maximum Insertion Loss (IL) bounds, and IL
deviation bounds (ILD) at every frequency, as shown in Figure 30. Other aspects of the full channel, such
as return loss, and insertion loss to crosstalk ratio, are also specified in Annex 69B.

This approach implies that if such a channel is driven by a Spec-compliant Tx, and signaling is received by
an Rx which passes the Rx interference tolerance test [Annex 69A, [21]], then there is a high-confidence
(albeit not guaranteed) probability that such a channel would allow such compliant agents to inter-
operate successfully. Although the specification is informative, industry treats it as normative (i.e.
required).
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Figure 30 Annex 69B [21] fitted pad to pad channel Insertion Loss (IL), and allowed maximum IL
deviation (ILD) from the fit.

8.1 The 10GBASE KR Equalization Standard

8.1.1 10GBASE-KR Equalization Definitions

In 10G-KR, the transmitter is required to be able to produce a wide range of equalizations, slightly larger
de-emphasis (post shoot) than that of PCle 3.0, but less pre-emphasis (pre-shoot). To understand 10G-
KR transmitter equalization, refer to Figure 31 which defines the voltage levels of a standard equalized
waveform when the Tx is driving a standard load of 50 Ohms per side, through 100-nF decoupling caps.

10G-KR defines so-called Equalization ratios Rpre and Rpst, which are defined as follows (referring to the

voltage levels in Figure 31):-

Rpst=V1/V2 , Rpre= v3/ V2

Table 1 shows the min to max ranges of the TxEQ ratios defined above, along with the permissible
values of the DC voltage, when driving the reference load described above. Note that Rpst, in dB, can

range from +0.45 to -12 dB (including tolerance), while Rpre can range from +0.45 to -3.75 dB.

The waveform of Figure 31 is obtained at the Tx output by using an FIR filter which is identical to the one
used for PCle 3.0, and shown previously in Figure 22. Hence, 10G-KR also implies use of the coefficients
C.1, Ca1 and Co, where one could derive equations which define these coefficients in terms of the three
voltage levels vi, vz, and vz defined in Figure 31 . Implementation of coefficient values greater than

zero or less than the minimum values defined by Rpre (min) and Rpst (min) in Table 1, is optional.

Note that unlike PCle 3.0, the 10G-KR equalization space does not require that the sum of the absolute
values of the three coefficients (| C.1|+|C.1|+]|Co|) be normalized to 1. Instead, the range of v, defined in

Table 1, along with the range of the equalization ratios (Rpre and Rpst) are all that constrains the values
of those coefficients.
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Table 1 The required ranges of the 10G-KR pre- and post-shoot equalization ratios Rpst and Rpre,
along with the range of the DC level v>.

Coefficient status Requirements
c(1) c(0) c{-1}) Rpre Ry vy (mV)
disabled minimom disabled 090to1.10 080to1.10 220 to 330
disabled maxinmum disabled 095t0 1.05 09510 1.05 400 to 600
FEITLING RN 1] minimum disabled — 4.00 (min}) —
disabled numMmum MMM 1.54 (min) — —

Figure 72-12—Transmitter output waveform

T = symbol period

h = zero-crossing point of the first rising edge of the AC-coupled signal

I = zero-crossing point of the falling edge of the AC-coupled signal

f3 = zero-crossing point of the second rising edge of the AC-coupled signal

vq = maximum voltage measured in the interval ry to ) + T

Vy = positive steady-state voltage measured as the average voltage in the interval
Hh+2Tto - 2T

V3 = maximum voltage measured in the interval 7, — T 10 £,

V4 = minimum voltage measured in the interval fy to t, + T

Vs = negative steady-state voltage measured as the average voltage in the interval

Hh+2Ttoty-2T

Vg = minimum voltage measured in the interval 3 — T to f3

Avy = positive voltage ripple measured as the peak-to-peak value of the difference
between the voltage in the range {1 + 2T to £, — 2T and v,

Avg = negative voltage ripple measured as the peak-to-peak value of the difference

between the voltage in the range /, + 2T to f3 — 2T and v

Figure 31 The 10G-KR Transmitter output waveform equalization parameter definitions (Clause 72,

[21]).

8.1.2 Summary of the 10G-KR Equalization Training Protocol
When two Ethernet devices are connected, then upon Rx detection in both directions, the link starts
Auto Negotiation (AN) (section 69.2.4, [21]). AN is the process by which the two devices communicate
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their interface capabilities (at low speed, using Manchester encoding), and settle upon the highest
common denominator of link type, and speed. After AN, the link starts the TXEQ training process by
which both receivers try to find the best TXEQ setting of the other port’s Tx, in order to ensure operation
at a BER of 1E-12. The protocol allows a total of only 500+/-5 ms for both link partners to finish their
training.

Training is conducted through use of a Training Frame which has four parts: A Frame marker to denote
the beginning of the frame, a coefficient update section where the Rx sends to the other agent’s Tx its
request for a new coefficient setting, a “Status Report” where the Rx reports back to the other agent
whether it has been able to tune its Rx using the coefficients that it has requested, and finally a training
pattern which consists of 4094 bits from the output of an 11-bit pseudo-random bit stream (PRBS-11).

Both ports (end agents) enter the training state concurrently, and they send each other the above
Frame, making coefficient change requests, and training their Rx, until both finally find the coefficients
that they prefer, in order to achieve “Receiver Ready” status. Training ends after both agents report
back to the other agent that their receiver is trained and ready to bring up the link.

The protocol begins Training (via use of a Training Frame at low speed) where each end point requires

the other Tx to set its TXEQ to the “INITIALIZE” values corresponding to Rpre = 1.29 (2.2 dB) +/-10%, and

Rpst = 2.57 (8.2 dB) +/-10%, and that Co shall be set such that the peak-to-peak differential output
voltage is equal to, or exceeds, 800 mV for a 1010... pattern. From that point on, an Rx is allowed to
request from the other agent’s Tx to increment, decrement, or hold the coefficient values. However,
only one coefficient is allowed to be changed at a time, in each direction. Table 2 defines the required
change magnitudes of the three voltage values shown in Figure 31, every time there is a coefficient
change request. Note that changing any of the individual coefficients C.;, C.1 or Co, results in a change
required for all the three voltage values vs, vz, and vs.

After changing a coefficient, a Tx sends the training pattern using its new equalization settings. The
receiving Rx tries to detect the incoming pattern as it adapts its receiver’s CTLE (and DFE, or any other
resources). When the receiver has completed training, and has determined that it is ready to bring up
the link (the implementation of this decision process is left to the PHY designer) it then sets the
“Receiver Ready” bit in its Status Report which is sent back to the other agent, in order to inform it of
tuning success. The specification for the Rx interference tolerance test [Annex 69A [21]] requires a BER
of 1le-12 to pass, but this is not explicitly required for achieving “Receiver Ready”. That being said, most
users expect, or require, a BER of 1le-12 or better. Training ends if both receivers achieve “Receiver
Ready” within 500 ms +/-1%.
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Table 2 Transmitter output waveform voltage level requirements related to 10G-KR coefficient

updates.
Coefficient update® Requiremeutsl’
- (k) —v(k-1) va(R) —1va(F-1) vyl —vi(k—1)

1) o(0) =h (mV) (mV) (mV)
increment hold hold —20t0-5 5to 20 5t0 20
decrement hold hold 51020 =20 to—3 —20to-5

hold increment hold 51020 5to 20 51020

hold decrement hold 2010 -5 —20to-5 =20t0-5

hold hold increment 51020 5t020 —20t0-5

hold hold decrement —20t0-5 —20to -5 St020

*Step size requirements for the tap under test apply regardless of the current value of the other taps.
°This difference is measured relative to the voltage prior to the assertion coefficient update ¥ equal to hold.

9. Re-driver issues in 10G-KR

The 10G-KR base specification (Clause 72, [21]) is silent on extension devices (including re-drivers).
When an active device (other than a Spec-compliant re-timer) is placed in a KR link, the above scheme of
open-interoperability (sections 8.1.1 and 8.1.2) based on passive channels meeting the 69B Spec, Tx
training protocol, and Rx tolerance testing is no longer valid strictly, for the reasons detailed in the next
two subsections on re-driver issues.

9.1 Limiting Re-driver and KR’s TXEQ Training Protocol

A limiting re-driver blocks the signal equalization (coefficient) changes (which are requested of a Tx)
from reaching the requesting Rx during training. In this case, the issues with such a re-driver are similar
to those described in section 6.1, for PCle 3.0. Please refer to that section for more details. If this is the
desired implementation of the system, then the devices are no longer compliant with the IEEE
specification for KR, and it is therefore recommended to forego both AN and Training, and simply use an
engineered link that is forced to 10G.

9.2 Linear Re-driver and KR’s TXEQ Training Protocol

Since the KR Specification has a set of TXEQ range requirements as described in section 8.1.1, and a
channel specification (Annex 69B, [21]) which is treated as normative by the industry, then a channel
using a linear re-driver cannot be qualified, strictly, as being compliant, and openly interoperable. The
69B specification implies a passive channel. If a linear re-driver is introduced, and its transfer function is
convolved with the channel’s transfer function, then even if one could show that the resulting SDD21
amplitude of the channel is still within the bounds of Figure 30, there remain two issues: The first is that
69B has no phase shift specification against which to check the overall channel response, and the second
is that the shape of SDD21 will have characteristics that are not normal for a passive channel, due to the
presence of the active device.
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Similar to the PCle 3.0 case (section 6.2): There is an issue which arises when a linear active device is
introduced into a channel. As explained in section 3.2.2, linearity only implies that the relationship
between the incoming and outgoing signal amplitudes is that of direct proportionality (a straight line),
irrespective of their respective shapes. The active device would alter the incoming signal shape
according to its frequency domain transfer function H(s), which is a function of its CTLE, TxEQ, and
amplifier frequency response. In principle, it is very difficult to design an equalizer (using a finite number
of poles and zeros, and today’s gain-bandwidth product process capabilities), to compensate perfectly
for the near-linear loss function of a PCB channel (section 1.3). There are extraneous amplitude and
phase effects which render the compensation imperfect. In addition, re-drivers have a finite number of
programmable settings for their CTLE and TxEQ. The discrete nature of the settings means that there
would most likely be either over- or under-equalization, both of which alter the pulse response of the
channel. When a channel is extended, and the extension is imperfectly compensated by using a linear
equalizer, there is no guarantee that equalization space described in Table 1, would appear to the Rx in
the same way it does when the channel is only a passive within the limits of the specification (Figure 30).

Practically, TXEQ adaptation might succeed in finding an operating point for several host/link partner
combinations. However, there is no longer an implied Spec guarantee that this would hold true always,
for any two devices that pass compliance independently, in the open market. Despite this, some
designers are using re-drivers in systems that are meant to be openly interoperable. With the
information provided in this document, a designer should be better-prepared to understand the
implications, and make his or her own risk-taking judgment.

Linear re-drivers are, however, amenable to use in a “Closed System” (Section 10.1). Such a system
could operate with one, or a small and well-characterized (tested) set of link partners, while allowing the
TxEQ adaptation protocols on both ends of the link to proceed as defined in the specification. Just as
described for PCle 3.0 (section 6.2), such a system should undergo careful design and validation, in order
to guarantee HVM yield, and tolerance to PVT conditions.

10.Designing with Re-drivers

Once it has been decided that a re-driver is appropriate for use in a link, then one would have to address
other practical considerations, as described | n the following sections.

10.1 Closed System Using a Re-driver

This is a system using a re-driver, and which is foregone as non-openly interoperable. It is limited to a
host, and one or a few devices (such as a few PCle 3.0 add-in cards, or KR link partners). As mentioned in
prior sections, in the case of PCle 3.0, such a system might deploy a limiting re-driver (if Phases 2 and 3
of TXEQ adaptation are disabled), or a linear re-driver with adaptation enabled. Programming the re-
driver settings during validation is the only available degree of freedom in such a system.

A main consideration with closed systems is that they require careful HW validation, in order to ensure
that the Host and end device Silicon skews, PCB, temperature, humidity, and voltage variations do not

cause failures in the field (HVM). The dilemma is that the system itself is usually not available for such
extensive testing, until it has been designed and prototypes delivered. To mitigate such a dilemma, re-
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driver evaluation cards could be used to gain a very good level of confidence as to whether such a
system would be reliable. This still requires that the Host and end device (or devices) be available for
such testing, in addition to a platform with which to perform the evaluation. This latter requirement can
cause un-acceptable time to market delays. Erring on the side of shorter link extension is the best way to
enhance the chances of a successful design.

10.2 Choice of Re-driver

Choosing the right device for a design always starts at the datasheet. However, there are usually
unaddressed properties in published literature. For USB3, SATA, and PCle 2.0, one of the most important
characteristics, of limiting re-drivers, is the amount of available pre-channel equalization (CTLE) at the
input of the device. Many data sheets state inches of FR4, but as discussed in section 4, FR4 can differ
widely in its loss. In addition, the shape of the equalization curve, as a function of frequency, is relevant,
and determines the amount of residual un-compensable ISI. One method to address this is to procure a
re-driver evaluation KIT, and measure the eye opening using a JBERT and various pre and post-channel
loss values. Despite this, one has to remember that even for those busses, which have simple TXEQ
schemes, using re-drivers is not strictly Spec-compliant (Section 4).

For Closed PCle 3.0 or 10G-KR systems, linear re-drivers offerings differ in their linearity, and frequency
response. Linearity has been improving recently, but re-drivers still remain widely different in their

frequency response (transfer function, or SDD21), which distorts the TxEq space required by Specs.

Section 7 details the recommended method for evaluating a re-driver’s TXEQ distortion.

For all re-drivers, the authors have noticed that high temperature affects their behavior differently.
Hence high-temperature testing using Evaluation KITs is highly-recommended.

10.3 Placement

Placement of a re-driver is usually dictated by the system architecture and its usage model, in addition
to Signal Integrity considerations. A re-driver might be needed on one large coplanar board, where both
host and device (or output connector) reside, such as with USB3, where the designer has more
placement freedom. In many cases, there might be at least one connector, and in many cases a second
connector such as in the case of a backplane. In other cases, host and device might reside on different
boards, and the topology might comprise a mezzanine connector, in addition to a slot connector, or a
USB connector, etc. More complex multi-connector topologies have also been requested. Backplanes or
mid-planes may not be appropriate for repeater placement, due to layout, power supply availability, or
usage model restrictions such as re-usability across multiple generations of agents (or link partners).

From a usage model perspective, an open system (where add-in cards or blades have to be swapped)
imposes interoperability requirements that cannot be met in the case of PCle 3.0, and also 10G-KR. In
the case of a closed PCle 3.0 system (where both host and end agent are predetermined and known),

the designer might still have some flexibility in exactly where to place a re-driver.

Figure 32 shows the different Signal Integrity considerations, which arise, depending on the placement
of a limiting re-driver (e.g. in the case of USB3 and SATA3). Figure 33, on the other hand, shows the
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considerations for a system using a linear re-driver (e.g. in the case of Closed-slot PCle 3.0). These
considerations might have to be traded away, sometimes, for more overriding system design
requirements.

Full Extended Channel Using a Limiting Re-driver
Tx 1 Rx

.
.
’

Re-
‘driver,’
\

.

’
tecccccaay
.

t N e t

Close to the Tx:- Approx. in middle third:- Close to the Rx:-

- Little use of Input CTLE - Best use of Input CTLE in - Input CTLE not enough

- Risk of higher un-compensable conjunction with output to compensate long pre-channel
ISl jitter due to over-equalization TXEQ - Higher noise-caused jitter
caused by even the min CTLE setting - Lower residual ISI - Higher residual ISl jitter

- Output TXEQ not enough to - Acceptable noise-caused - Little use of output TXEQ
compensate long post-channel. time jitter - Final Rx may saturate (overdrive).

- Lower risk of Rx overdrive. - Risk of signal being weaker than

switching &/or squelch threshold.

Figure 32 Signal Integrity considerations and tradeoffs guiding the placement of a single limiting re-
driver in an extended full channel.

Full Extended Channel Using a Linear Re-driver
> | Rx
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- High risk of operation in non- - Acceptable linearity - Best amplitude linearity

linear region of amplitude. - Acceptable noise amplification - High risk of noise amplification.
- Higher risk of un-compensable - Maximal observed channel

ISI due to non-linearity extension in the lab.

- Low risk of noise amplification.

Figure 33 Signal Integrity considerations and tradeoffs guiding the placement of a single linear re-
driver in an extended full channel.

10.4 Power Supply Noise

Many re-drivers obtain their power from either 3.3V, 2.5V, or in some cases even 1.5V supplies. Some
re-drivers contain internal voltage regulators to control circuit behavior, and also reduce supply noise.
Attention should be paid to system supply noise, by following the vendor’s bypassing guidelines, in
order to reduce deterministic jitter.

10.5 PCB Material Reported in Re-driver Data sheets, and Evaluation Cards

The great majority of re-driver datasheets list channel extension in inches of FR4. There is a wide range
of FR4 loss in dB/in (from about 1 dB/in down to about 0.7 dB/in at 4GHz), and temperature affects its

43

Marvell Semiconductor, Inc. - Ex. 1018, Page 000074



loss by anywhere from 0.2%-0.4% per Degree C, in addition to moisture content. Therefore, it is
important to inquire from the vendor as to what the loss of the PCB is in their reported channel
extension tables. It is more meaningful to represent channel extension in dB at a bus’s Nyquist
frequency, than in inches.

Most vendors provide free Evaluation KIT (or board) samples. They come in Edge-connector, SMA, or
SMP form factors. Some USB3 re-driver boards also offer Std-A or Std-B connectors.

10.6 Power Consumption

During active mode, re-drivers consume a significant amount of power, ranging from 100 to 200 mW per
channel, roughly, depending on the specific device. Some re-drivers offer low-power or sleep modes
(e.g. when the load is disconnected), where standing current is reduced, and power consumption drops
to 20-50 mW per channel. For a single lane (two channels) the numbers are doubled. Furthermore, for
PCle 3.0, which usually has the highest number of lanes (x4 and up to x32), the total active power can be
significant, and should be accounted for when architecting and designing a platform. If a bank of re-
drivers can be placed away from the hot spots of a platform, then that might be a good choice, assuming
that Signal integrity requirements are also fulfilled.

11.Simulating Channels with Re-drivers

11.1 The Two Modes of Signal Integrity Simulations

Most Signal Integrity simulators are behavioral (i.e. not at the transistor level). They allow a designer to
examine channels over HVM variations, including PCB and device PVT skews. They facilitate using a
Design Of Experiments (DOE) followed by a Response Surface Model (RSM) fit, which allows prediction
of failure rates. These simulators run much faster than transistor-level Spice circuit simulators. Their
shortcoming is the need to build (or obtain) a behavioral model which emulates the Tx and Rx circuit
behaviors, faithfully. These simulators usually require either a pulse response of the channel (from pad
to pad), a netlist, or an S-parameter file (e.g. a Touchstone file) representing the channel. Behavioral
simulators usually have two modes: A “Statistical mode”, and a true Time Domain (transient), or “Bit-by-
Bit” mode.

11.1.1 Statistical (a.k.a. Analytical) Simulation Mode

In the statistical (or analytical) mode, the simulator assumes perfect linearity of all components. It
characterizes the full channel from Tx output die pad to Rx input die pad. It does so by either producing
(or requiring) a full-channel pulse or step response. It then applies a probability distribution convolution
of the bit stream (say a long LFSR random stream), the characterized channel, Tx equalization, and Rx
equalization. The resulting final statistical eye is then analyzed mathematically for width and height at a
specific BER. Rx equalization settings might also be adapted, in search for the best solution.

A Statistical simulator is suitable for analyzing full channels that comprise a linear re-driver, assuming
that the re-driver is receiving signals whose amplitude is small enough to guarantee that it is indeed
operating in the linear region, and not suffering from saturation (or compression, 3.2.2).
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A statistical simulator is not fit for analyzing full links with limiting (non-linear) re-drivers. One might
think that such links could be analyzed in the statistical mode, if the full channel is broken into two
completely separate simulations: One from the source Tx, through the pre-channel, to the re-driver
input pads, and a second from the re-driver output Tx, the post-channel, to the final Rx post-
equalization. The problem with such an approach is that a statistical simulator assumes perfect linearity,
and cannot handle what happens inside the re-driver, since the re-driver’s limiting amplifier (post EQ)
reshapes the signal non-linearly. Even if one assumes that the output wave shape could be assumed to
be an ideal pulse train with equalization and proper edge rates, the user would have to gather all the
jitter information at the output of the re-driver’s equalizer followed by its non-linear amplifiers, and use
such jitter as input for the post-channel simulation. A very tedious task, especially when performing DOE
simulations, where the pre-channel might have tens of variants, each one of which producing a different
set of jitter numbers, each one of which, in turn, having to be combined with the tens of post-channel
simulations.

11.1.2 Bit-by-bit (Transient, or “Empirical”) Simulation Mode

In this mode, a simulator performs a true time domain transient simulation (picosecond by picosecond),
using 1E4 to 1E7 bits, and accumulates the eye inside the Rx, for later width and height analyses. These
simulators are slower than the statistical ones. Due to their longer run times, they are used to
accumulate an eye over at most 1E6-1E7 bits (at the time of this writing). They build a bath tub diagram,
then they project the eye width and height to higher bit counts (lower BER) mathematically. The bit-by-
bit mode of a simulator is suitable for analyzing both linear and non-linear (limiting) re-drivers.

11.2 General Simulation Guidelines for Re-drivers

The advent of IBIS-AMI [22], and the ability of simulators to read IBIS-AMI models make it possible to
simulate channels with re-drivers, behaviorally. However, there are still some issues to be considered.
When acquiring models from a re-driver vendor, it is important to inquire about the following:-

1. The Silicon, Voltage, and Temperature (PVT) corners that the model covers

Silicon circuit designers use several (sometimes tens) of corners for gauging the performance of their
circuits. There are many circuit variables; such as N-type versus P-type transistor cross skews, resistors
and capacitors which are unrelated to transistors, interconnect metal resistance and capacitance, plus
voltage and temperature corners. Thus, if a vendor gives only 3 model corners, then there might be pre-
determined statistical assumptions, such as: N and P transistors are both slow or both fast together (i.e.
no cross-skews), and that the back end of the process (resistors, caps, and metal) might also be assumed
to be slow or fast at the same time that the transistors are. This builds pessimism into the model, which
would yield pessimistic (albeit safer) simulation results, yielding shorter channel extension capability.
Model corners which predict temperature dependence (along with Si fast, typical, and slow skews) are
very important, since many circuits usually lose gain and bandwidth at high temperatures.

2. The number of Standard Deviations (Sigmas) of variation at model corners
A model which represents 6-Sigma corners will --when convolved with the channel variation corners--

yield very pessimistic statistical results.

3. How well the model and simulator represent Rj and supply noise (Dj)
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The deterministic non-ISI jitter of a re-driver is a function of its supply noise (which is determined to
some degree by the system power supplies), and also the variation in its output switching rise and fall
times (Duty Cycle Distortion). Furthermore, Random jitter (Rj), and supply-caused jitter are also
functions of the chosen output voltage swing. Model creators might not be accounting for such
dependencies, especially if they are not the original designers of the device.

4. How well the model represents the input SDD11, and the output SDD22
One must ascertain whether the model represents the input and output terminations correctly, and if a
package model and die input capacitance are included.

5. Whether the model has the same programmability of the VOD, CTLE, TXEQ, and other settings as
the physical part

6. How well the model reflects the phase response (of SDD21) in the case of a linear re-driver

7. How well the model represents the onset of non-linearity of a linear device

A model which assumes perfect linearity, irrespective of the input voltage amplitude, and provides only
the equivalent of a frequency domain transfer function, can misrepresent the true signal shapes at the
output of a re-driver. For instance, S-parameter models of a linear re-driver are sometimes offered.
While S-parameter models allow very fast simulations, they force the assumption that the device is
perfectly linear in the relevant region of operation, which might not be the case always.

The reader is advised to exercise the model stand-alone, e.g. with a simple resistive load, in order to
explore its properties, before advancing to full-channel simulations. One should understand what the
model corners cover, and how they should be used. If the model lacks corner settings, or if the corners
do not cover PVT far enough, then one has to keep additional design margin. Conversely, statistically-
unreasonable corners could add pessimism.

12. Ascertaining Link Robustness of Closed PCle 3.0 and 10G-KR
Systems using Re-drivers

Due to TXEQ adaptation (or training) in both protocols, re-drivers present similar issues to both buses, in
addition to what was discussed in sections 6 and 9. When a system designer chooses to use a re-driver, a
determination has to be made as to which vendor’s device to choose, and how to select its settings for
maximum production yield. The selection unlikely to be based on accurate simulations, due to the lack
of accurate corner models of all of the host, re-driver, and add-in card (AIC) or link partner end agents,
all simultaneously. But simulations might give an initial approximate method to evaluate options.

Usually, an initial a determination is made for the placement of the re-driver (e.g. on a riser card, a
backplane, or somewhere between the host and a PCle 3.0 slot on the mother board, etc.). This is based
on initial approximations, using the device datasheets, the loss of the overall channel, the availability of
power supplies, and ensuing pre and post channel lengths. See section 10.3 for some placement
considerations.
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The final selection of the re-driver’s DC gain, amplitude, and peaking equalization settings have to be
made during system testing and validation. Those settings then have to be appropriate for the life of the
system over a number for years, where several parameters could vary.

During high-volume production, the items described in the following sub-sections could be changing
over time. They would all affect whether the receivers on both ends of a PCle 3.0 or 10G-KR link could
find BER 1E-12 operating points or not. For PCle 3.0 this applies to both the case of disabled Phase 2 & 3,
and the case where a linear re-driver is used while phases 2 & 3 are enabled. Similarly for 10G-KR’s
Training.

12.1 Silicon Skews of the Host and End-agent (AIC or Link Partner)

While Tx and Rx variations are present in spec-compliant un-extended links, their significance increases
with the presence of a re-driver. The reasons are that the distorted EQ space might be requiring the
receivers to work harder (go to an extreme AGC, CTLE, DFE, etc.), in order to support a re-driven
extension, and the added variations of the re-driver and link extension.

Transmitted jitter can be a strong function of process corners (the cold and slow process corner in CMOS
devices usually produces the most jitter). The Rx on the other hand is more sensitive due to its input
equalization’s sensitivity to process corners. An Rx’s CTLE equalizer gain, peaking, overall bandwidth,
and to some degree the amplitudes of the DFE coefficients, are process-sensitive and could shift,
especially if the device is not designed to compensate, at least partially, for process variations.

It is not always easy to obtain skewed devices from manufacturers for validating a system, due to the
logistics of fabrication plants. In some cases, even design teams do not have access to all possible skews,
unless the Fab runs skew lots, or cherry-picks dies, occasionally. Hence, link margining using whatever
parts are available, plus temperature and voltage skewing, could be used as a minimal alternative in
order to ascertain link health.

12.2 Silicon Skews of the Re-driver

Since a re-driver is an added element to a channel, unaccounted for by Specs, then its variation is also
not accounted for. Hence, re-driver variation has an added effect on a link.

When designing a system which uses re-drivers (e.g. USB3, SATA3), or a closed PCle 3.0 or 10G-KR
system which uses re-drivers, it is important to study the effects of the re-driver’s semiconductor
process skews on link health. Gain-bandwidth is a function of the process corners, whose number can be
numerous. Vendors may, or may not, be able to supply parts (or evaluation boards) that represent
significant skew corners, due to logistical limitations in coordination with a fab, especially when dealing
with small volumes. Hence, some vendors rely on simulations, or cherry-picked devices, to ascertain if
their device remains within its datasheet specifications. Some semiconductor designs attempt to
stabilize their part -- versus skew corners-- by using post-Silicon trim (or fusing), in order to “trim”
variation. It is important to understand, from the vendor, the expected range of variation, which is not
always stated in a datasheet.
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12.3 PCB Material Variations

The transmission line impedance and loss are also functions of HYM and PVT, even from one vendor.
While it is realistic that one vendor’s impedance might remain under control to within +/- 5% to +/-7%,
and loss to be within +/-5%, a 5% loss change in 10 dB of channel extension amounts to 0.5 dB shift in
required equalization.

12.4 Supply Voltage Effects

Deterministic uncorrelated jitter added by a re-driver is a function of noise in both its Tx’s and Rx’s
power supplies. Good repeater designs tend to have internal voltage regulators which provide an
accurate internal DC rail, with reasonable noise rejection. Nevertheless, some attention must be paid to
designing the local external supply, with minimal high-frequency AC noise.

A careful reading of serial bus specifications would reveal that jitter characterization usually requires
activation of all lanes in a port, not just one bit. Similar margining should be performed, when using a re-
driver, in order to understand the effect of its internal (and external) supply noise during heavy
switching, and also internal circuit (and package) coupling effects between its channels.

12.5 Temperature (and Humidity) Effects

Temperature has the most significant effect on a system, more so than well-regulated supplies.
Temperature affects not only host and end agent Tx and Rx analog circuit bandwidths, gain, and jitter,
but also the loss of the connecting PCB, and the re-driver itself. Compared to an unrepeated link, the
added pieces are only the re-driver and the additional PCB (or perhaps cable) extension. Hence, to a first
order, only the effect of temperature on the re-driver and the added PCB need special attention.

PCB loss variations from room temperature (27 C) to about 80 C (a 53-C temperature shift) and humidity
can range anywhere from 10-20%, or 1-2 dB of extra loss for 10-dB of extension [16] [17]. Furthermore,
the re-driver’s jitter and equalization are functions of temperature. The host and device Tx and Rx jitter
and equalization are also functions of temperature, but those are present in links even before extension.
It is only when an Rx has to exercise more of its resources to service a link with a re-driver that
temperature variation of that receiver might become a limiter.

Furthermore, in many cases, a link is trained when the system is still cold (at least the PCB and host are
cold), then has to operate when the chassis’ internal temperature rises to its allowed maximum air
temperature (e.g. 75-80 C). That is sometimes referred to as “Train Cold Run Hot” (TCRH), and the
opposite is also possible (THRC). When one examines all the components that could change, then unless
the receivers on both ends of the lane have enough dynamic equalization range, a system with a re-
driver might become marginal. It has been demonstrated in the lab that this usually requires reducing
the amount of extension, until proper BER operation is still achieved in TCRH cases.

One might argue that a linear re-driver’'s EQ should be set to be higher than needed, in order to
compensate for the channel extension, and handle high temperature. In a validation environment at

lower temperatures, test results would actually appear to reduce the amount of possible extension as
demonstrated in section 7.2.
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In the case of limiting re-drivers (for USB3, SATA, or PCle 2.0), over or under-compensation is
transformed into un-compensable data-dependent pure jitter, which would also reduce link margins. A
possible alternative would be to select the re-driver’s optimal settings at a mid-range temperature, as a
way to deal with TCRH (or THRC), thus minimizing the amount of un-compensable jitter created at either
extreme.

12.6 Example of Adding Overall Sources of Variation

First, we have to assume that the temperature variations affecting the Tx and Rx, on both ends of the
un-extended maximum Spec link, could be absorbed by those two devices, as they are supposed to be
Spec-complaint at all of their PVT corners. What remains, then, is the variation in the PCB extension, the
re-driver, the distortion of equalization space caused by the introduction of the re-driver into the
channel, and how that might tax the receivers on both ends of a link.

Consider a PCle 3.0 system using a re-driver to extend the channel by 10dB, with phases 2/3 enabled. It
trains cold, and then it has to operate at 80C. It is evaluated by using nominal devices (corner skews
unknown) from host and AIC vendors, and the re-driver settings are selected at a mid-range
temperature of 55 C. Over HVM, temperature, and humidity, the following variations might occur in the
link:-

e PCB loss of the channel extension might change by +/-0.5 dB due to manufacturing and impedance
variations.

e PCB loss of the channel extension changes by +/-0.5-1 dB due to a 25 C temperature rise or drop
around 55 C.

e The re-driver Silicon skew is different and its equalization shifts by +/- 1 to 2 dB.

The above scenario shows that a re-driven channel can experience a total change on the order of up to
+/- 3.5 dB. This represents 15% of the PCle 3.0 maximum channel loss Spec of 23.5 dB. Therefore, it is
advised that closed systems using re-drivers be reasonably stressed during validation. Hence, it is
advisable to try to exercise the following combinations or tests during validation:-

e Obtaining impedance and loss corner PCB boards of all main pieces in the system.

e Asking the vendors of all the 3 active devices in the link (host, re-driver, end agent) for skew corners,
but keeping in mind the low likelihood that such a request could be met.

e Optimizing the re-driver gain, amplitude and equalization settings at a temperature mid-way
between the coldest and the hottest in the operating range.

e If re-driver’s skew devices are unobtainable, then a qualitative indicator of link robustness could be
had by adjusting its equalizations up and down by +/- 1 to 2 dB around the optimal setting. If the
system continues to function properly, over the full temperature range, then that increases
confidence.

e Agents differ in their ability to indicate link health, but if possible; evaluation of the eye margins (or
BER), on both ends of the link, using all the above combinations, is advisable.
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13.Re-timers

Re-timers are mixed-signal analog and digital devices. A Re-timer has a Clock Data Recovery circuit (CDR,
[5] [6]) similar to a SerDes PHY. A re-timer converts an incoming analog bit stream into purely digital bits
that are stored (staged) internally; it then re-transmits the digital data anew. Thus, a re-timer breaks a
link into two distinct sub-links, which are completely independent from each other from a Signal
Integrity (analog amplitude and timing) perspective. Since a Spec-compliant re-timer re-establishes
signal shape and transmitted jitter just like a compliant Tx would, it could double channel reach. Hence,
re-timer allows longer reach than a re-driver, since it does not suffer from jitter accumulation. Re-timers
render pre- and post-channel analyses simpler than the case of re-drivers, due to the complete
separation of the two. They also tend to provide debug capabilities, such as eye margining, and
Compliance patterns. Re-timers are substantially more complex than re-drivers, larger in die and
package size, are more expensive, and are offered by fewer vendors than re-drivers.

13.1 Re-timer Types

As described in the introductory section (2.2), re-timers are of two types: Bit Re-timers (Protocol-un-
aware, or TxEQ Training-incapable), and Intelligent or Protocol-aware Re-timers (TXEQ Training-
capable). The following subsections describe the main features of each type.

13.1.1 Bit Re-timer (Protocol-unaware or TXEQ training-incapable) Micro-architecture

Such a device usually comprises only a CDR [5] [6] to convert the incoming data stream into a purely
digital one, then re-transmitting it anew, with fixed equalization, and new jitter. Figure 34 shows the
conceptual micro-architecture of a Bit Re-timer. A bit re-timer is usually programmed by the designer for
a specific output TXEQ, and cannot participate in TXEQ training such as for PCle 3.0 [10] or 10G-KR [23].
These re-timers are fit for busses which do not require such training, such as SFl [24]. Hence, in the case
of SFI, such a re-timer is not really “Protocol Un-aware” since Equalization training is not part of the
protocol, and such an appellation would be non-descriptive.

There are several CDR architectures, as described in [6], which is highly-recommended reading. Here we
chose one of the robust ones, for the sake of illustration only. Although a re-timer could recover the
clock from the data itself alone, a Reference Clock (RefClk) is usually provided, in order both to speed-up
locking onto the correct data rate, and also to avoid false locking. The input RefClk is used to synthesize
a nominal baud-rate frequency using a Voltage-controlled Oscillator (VCO) composed of a number of
delay stages (e.g. 5 stages). The output of each VCO stage is fed to a Phase Interpolator (Pl) which is
used to create the final clock used to sample the data (eventually becoming the recovered clock at the
true incoming data rate).

Since the incoming data rate is determined by the RefClk of the sending Tx, there will be a slight
frequency difference between that clock and the RefClk shown in Figure 34. The difference is allowed by
Specs usually (in PCle 3.0, a RefClk can be within +/-300 ppm of 100 MHz). To compensate for the small
frequency delta, the Pl uses the VCO phases fed in from the PLL, to generate the “Recovered Clock”, by
interpolating between an adjacent pair of those phases. The Pl keeps “sliding” its selection of what pair
to use, and the ratio between them, such that it adjusts its output phase continuously. The Pl performs
its function based on feedback from the CDR. In the meantime, the CDR tries to position the sampling
clock close to the center of the incoming data eye, using its own internal phase detector and control

50

Marvell Semiconductor, Inc. - Ex. 1018, Page 000081



decision loop. The desired location of the sampling clock is communicated via controls sent back to the
Pl, guiding it in sliding and adjusting its Recovered Clock phase.

In addition to the CDR’s internal control, a Finite State Machine (FSM) is used to adjust the Input CTLE,
and Gain (AGC) in order to provide a more open eye. The algorithm used to achieve this is usually
proprietary. In addition, the recovered bits are (or can be) used to feed a DFE generator, which adds
equalization to the output of the Gain stage, in order to open the eye further (as explained later in
13.2.6). DFE control is usually also under FSM control, and is part of the proprietary algorithm used by
the Receiver. At the end of this process, the receiver is expected to be achieving the desired BER (e.g.
1E-12 for PCle 3.0). A re-timer usually comprises other functional blocks, which will be described later in
section 13.2.
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Figure 34 Conceptual micro-architecture of a “Bit Re-timer”, showing input CTLE, AGC, DFE, a CDR, and
a data path connected directly to an output driver with TxEQ.

13.1.2 Protocol-aware (Or TXEQ training-capable) Re-timer Micro-architecture

Such a device comprises all the blocks of the Bit Re-timer described in section 13.1.1, and in addition
contains a more sophisticated microcontroller which allows it to participate in TxEQ training
transactions (Figure 35). Training must occur with the two other link partners at the re-timer’s input and
output (upstream and downstream, respectively), including for example Phase O through Phase 3 of
TxEQ Adaptation in PCle 3.0 [10] (section 5), or TXEQ Training in Ethernet Fabric’s KR [23] (section 8.1).
Protocol-aware re-timers are the only kind of SerDes repeater which is capable of being truly fully Spec-
compliant with PCI3 [10] and 10G-KR [23]. They are the most-expensive, and are also offered by a small
number of vendors (at the time of this writing) due to their complexity, their need for both analog and
digital design expertise, and protocol IP ingredients, simultaneously with access to a high-gain-
bandwidth analog-digital semiconductor process.
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Assuming that such a re-timer is truly both protocol-compliant and also electrically-compliant, then its
use is the most straightforward from a signal integrity point of view --but not necessarily from a
programming, or debugging, standpoint. Its use in PCle 3.0/4.0 or 10G-KR should support open-
interoperability, as described in sections 5.5 and 8.1. More details on the PCle 3.0 and 10G-KR versions
of re-timers are given in sections 14 and 15.

In PCle, there are 3 clocking architectures: Common Ref Clock with or without Spread Spectrum Clocking
(SSC), Separate Ref Clock with Independent SSC (SRIS), and Separate Ref Clock No SSC (SRNS) [10]. The
SRIS and SRNS architectures cause mismatch in the data rates between sender and receiver, which must
be compensated for in PCle 3.0 by insertion or removal of extra bits using Skip Ordered Sets (SOSs). The
SRIS mode is more stressful than SRNS, and causes the highest mismatch in data rates, due to the added
independent clock modulation on both ends of the link. It is the mode which sets the maximum
requirement on buffer depth, and also the maximum number of re-timers in a link.

A protocol-aware re-timer has two main modes of operation: Forwarding, and Training (or Execution). In
training mode, the re-timer tries to set itself and its link partners for the appropriate bit rate, port
widths, etc., and complete TXEQ adaptation. After training, the re-timer moves into forwarding mode
(also called data mode), where it behaves like a bit re-timer, with some exceptions, such as insertion (or
removal) of SOSs, in order to match the baud rate throughout the link. Note that a re-timer could start
in forwarding mode upon system reset, in order to allow slow back channel communication, before
moving to training, and then the eventual return to forwarding as the final high-speed operational
mode.

The Physical Coding Sublayer (PCS), shown in Figure 35, performs bit stream encoding and decoding as
required by the different bit rates (PCle 1.0, 2.0, or 3.0), and it also compensates for the different data
rates by removal or insertion of SOSs. This latter function depends on the clocking architecture of the
system, as explained above. It also depends on the direction of data. In a system where the re-timer
shares its RefClk with one of the agents, then traffic directed toward the other agent does not require
data rate compensation, whereas traffic in the opposite direction would invoke SOS manipulation. More
details are given, in the following section, about the additional blocks contained in both Bit and
Protocol-aware re-timers.
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Figure 35 Conceptual micro-architecture of a “Protocol-aware Re-timer”, showing input equalization,
a CDR, and a data path connected to a PCS, Serializer, and output TXEQ driver, with a Micro-controller.

13.2 Additional Re-timer Micro-architectural Blocks

Figure 34 and Figure 35 showed the basic micro-architecture of re-timers, but specific implementations
differ. Re-timers usually come as an identical pair (or pairs) in one package (similar to re-drivers, as
depicted in Figure 4), in order to accommodate both the sending and the receiving directions of one or
more lanes (or links). Though the basic mechanics of re-timer operation and some of their basics
building blocks where described in sections 13.1.1 and 13.1.2, more detailed descriptions of those
blocks, and others, are given next.

13.2.1 Input Terminations
These are similar to the input terminations of a re-driver (section 3.1.1).

13.2.2 CTLE and Gain (or AGC) Stage

These circuits are similar to those in a re-driver (section 3.1.2). The main difference is that in a re-timer,
input equalization and gain are usually adaptive, under the control of the FSM which controls the
algorithm used to guide the EQ and the CDR into the best sampling point (using the most-open eye), and
consequently the lowest BER.

13.2.3 Clock and Data Recovery (CDR) Circuit

A CDR is a circuit which can extract both clock and the data from an incoming (specially-encoded) data
stream [5] [6]. A CDR depends on the requirement that the incoming data stream has a known ratio of
zeros to ones (e.g. 1:1, which also maintains DC level balance), enforced in SerDes specifications via
encoding in the transmitter’s PCS. A CDR employs a Phase Detector (PD) and a decision circuit used to
position the sampling clock, in the best eye location, leading to detecting zeros and ones properly. In
addition, a counter usually accumulates the number of detected zeros and ones, over a moderate period
of time, and produces an error signal which is a function of the imbalance between the detected zeros
and ones. The CDR’s control loop uses the fed-back error to try to improve the exact sampling location.
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Furthermore, to achieve proper detection of zeros and ones, the CDR requires an eye which has been
opened by receiver’s equalization resources (such as Gain, CTLE, and DFE). In advanced receivers, a
Finite State Machine (FSM) runs a proprietary algorithm which steers the equalization for the best open
eye, to ensure success in CDR locking at the target BER (or better) for that bus.

13.2.4 Reference Clock (RefClk)

RefClk is usually a low-frequency clock (e.g. 100 MHz) which feeds a PLL. The PLL produces a high-
frequency internal clock running at the bus’s bitrate. Some receiver CDRs can operate without the need
for a RefClk, but such designs have limitations, such as low frequency jitter accumulation, and potential
false clocking [6]. Most CDRs require an input RefClk, as explained in section 13.1.2. The allowable
frequency delta between independent clock sources is bounded a bus’s specification’s allowable RefClk
deviation from nominal (e.g. +/-300 ppm in PCle 3.0, and +/-100 pm in 10G-KR).

13.2.5 Data Staging Registers (Flip-flops)

A CDR’s main outputs are the extracted clock and data bits. The CDR’s recovered clock is used to capture
and store the recovered bits into a shift register (consisting of serially-connected flip-flops). The bits are
pure digital data lacking any analog content from the pre-channel. In addition to being sent out to the
PCS layer, the staged bits are also fed, in parallel, to the DFE generator (see section 13.2.6).

13.2.6 Discrete Feedback Equalization (DFE)

DFE [2] is a non-linear equalization used to cancel the residual pulse response tails (and ripples) in the
incoming analog signal at the output of the CTLE. It helps produce a narrower recovered single pulse
response, thus reducing ISI. The idea is to add, or subtract, small amounts of Unit Interval-wide (Ul-
wide) voltage (or current) at progressive bit intervals around the main cursor, in a fashion which
counters the tails and ripples in the channel’s pulse response. The amplitude of each DFE tap is
controlled by the receiver’s FSM, which also controls other resources such as CTLE and AGC. Eventually
this also drives toward a better balance of the received zeros and ones, implied by the CDR’s
convergence loop. In addition to channel pulse response tails, DFE also cancels some of the reflection
artifacts caused by discontinuities in the channel. The number of DFE taps ranges from 1 post-cursor tap
to several, in addition to pre-cursor taps in some designs.

13.2.7 Finite State Machine (FSM) Controller

This digital state machine usually has a proprietary algorithm which manages adjusting the input Gain
(AGC), CTLE, DFE settings, and other parameters, in such a way as to open the eye as widely as possible,
before it enters the phase detector (PD) inside the CDR. The FSM also helps locate the best position to
sample the eye. It is usually programmable through firmware (inaccessible to the user), in order to
optimize the CDR’s performance. The FSM may choose to train equalization upon startup then freeze it,
or continue to train throughout operation, depending on the sophistication of the design.

13.2.8 Physical Coding/Decoding Sublayer (PCS)

This digital block exists in protocol-aware re-timers, and performs decoding and encoding of data into
balanced zero and one streams (e.g. using 128b/130b encoding for PCle 3.0, or 64b/66b encoding in
10G-KR). The PCS also manages insertion or removal of Skip Ordered Sets (SOSs), as described in section
13.1.2, in order to compensate for differences between the received bit rate and the RefClk-implied bit
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rate. The parallel data output of the PCS is fed to the Serializer. In the case of a bit-re-timer (a.k.a.
protocol-unaware re-timer), a PCS is not needed usually.

13.2.9 Serializer

A Serializer converts the parallel digital data (at a lower frequency) to a stream of serial bits at the link’s
high bitrate. The serializer pre-drives the output transmitter. The simplest serializer is a synchronous
parallel-load serial shift register.

13.2.10 Transmitter Output Driver

The driver is the final power amplification stage which drives the output load. It is usually merged with
the TxEQ function described next. The Output Differential Voltage swing (VOD) is usually adjustable
from about 0.4V to 1.2V, for PCle and KR. The driver can usually be turned off by the micro-controller
during low-power modes (e.g. squelch, or no output load).

13.2.11 Output TXEQ

This circuit is usually merged with the output driver, and is used to add de-emphasis and usually pre-
emphasis also to the output. It is a true FIR filter, as described in section 3.1.5. TXEQ is usually under
micro-controller control, since its settings have to be programmable by the re-timer itself, in order to
allow the device to participate in the PCle 3.0 or KR TxEQ adaptation or training.

13.2.12 Output Terminations
These are similar to the output terminations of a re-driver; please refer to section 3.1.6.

13.2.13 Microcontroller

The controller manages communication with the 12C (or SM) bus, and acts as the intermediary between
those 1I/O bus protocols, and the internal architecture of a re-timer. It allows receiving any external
presets (or user configurations), in addition to communicating factory settings to the correct registers
inside the re-timer. The controller configures the receiver FSM which manages input EQ adaptation, and
CDR convergence. That functionality is indicated by the dotted arrows in Error! Reference source not
found.. The most important function of the micro-controller in a protocol-aware re-timer, is
communicating with the PCS (which extracts and inserts information from/into the training sequences)
and managing all the phases of TxEQ adaptation from beginning to end. Hence, the controller is
responsible for transitioning the re-timer from Forwarding, to Training (or Execution) mode, and back to
Forwarding. In addition, the controller communicates with the input Signal Level (Threshold) Detector,
and the Rx Output Load Detector, in order to manage the power states transitions of the re-timer. It also
manages any available debugging features, such as eye margining, and status readouts which can be
accessed by the user, through 12C, SM, or even JTAG.

13.2.14 Input Idle Threshold (Squelch) Detector
This function is similar to that in a re-driver, as explained in section 3.1.7.
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13.2.15 Receiver Detection (Rx Detect)

This function is identical to the one described in section 3.1.9 for re-drivers. The main difference is that
the output of the Rx detector is usually sent to the micro-controller, in order to manage power states,
and input/output termination settings.

13.2.16 12C, or SM Programming Bus

Re-timers require initial configuration by the user and status readout, both of which are usually achieved
by using an 12C or an SM bus [12] [13]. Data sheets give the user extensive register tables indicating
what parameters can be set or read out.

13.2.17 Debugging Logic

Some re-timers allow the user to margin the post-EQ receiver eye width and height, in both directions,
to assess link health, or also allow detecting error rates (via communicating with a sophisticated PCS).
Since a re-timer is transparent in the link (after training --if applicable), it is difficult to determine if bit
errors originate downstream or upstream of a re-timer — however eye margining tools can quickly locate
the poorly performing channel. While no eye margining block was shown in Figure 34 or Figure 35 (for
simplicity), some re-timers do offer such a capability. Debug features can also allow tracing the
progression of the re-timer’s state machines during link initialization and operation. Debugging can be
achieved through a set of read and write registers connected to the micro-controller, and accessible via
the 12C or SM bus.

14.PCle 3.0 Re-timer

An Engineering Change Notice (ECN) to the PCI-SIG 3.0 specification defining re-timers [20] has been
approved. That ECN guarantees interoperability with specification-compliant PCl Express 3.0 devices.
The PCI Express re-timer must be protocol aware. The PCl Express re-timer runs the adaptive phases,
(phases 2 and 3, described in section 5) of the link equalization protocol, in each direction. This
effectively splits the link, on each side of the re-timer, into two completely separate and independent
“Link Segments” at the analog level. Therefore, the channel on either side of the re-timer can be up to
the full worst-case channel allowed by the PCl Express specification, while still guaranteeing
interoperability. This also means that the electrical requirements for re-timer receivers and transmitters
are the same as those for standard PCl Express devices, as defined in the PCl Express specifications [10].
A PCI Express re-timer does not need to have a receiver that exceeds the requirements defined for
standard devices in the PCl Express specification, and implementations can be based on standard PCI
Express physical layer IP.

There can be at most 2 re-timers in the link between a PCl-Express upstream port and a downstream
port. The major reasons for the 2 re-timer limitation are timeouts and Reference Clock parts per million
(ppm) tolerances, which will be explained in subsequent sections. Figure 36 shows the possible PCI
Express link scenarios with one or two re-timers, along with the terminology used in the PCl Express
Extension Device ECN [20]. The portion of the link on each side of the re-timer is called a “Link
Segment”. The re-timer’s own upstream and downstream ports are defined as the “Upstream Pseudo
Port” and “Downstream Pseudo Port”, respectively. Unlike traditional PCl Express devices and upstream
and downstream ports — the re-timer is not directly visible to software through the PCl Express
configuration space. The PCl Express re-timer is software-transparent.
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Figure 36 PCI Express links with one or two re-timers.

14.1 PCI Express Re-timer Link Training and Status State Machine Overview

The PCI Express re-timer does not have the same link training and status state machine as do standard
PCl Express upstream or downstream ports. At a high level - the PCl Express re-timer operates in one of
two functional modes, Forwarding mode and Execution mode. The re-timer starts --and spends most of
its time-- in the Forwarding mode, where incoming traffic is mostly retransmitted through the re-timer
without changes. Technically, it could start in the Forwarding mode, even at 8 GT/s, although the
standard protocol does not allow that, as a matter of course. The re-timer does have to modify some

fields in training ordered sets — but never modifies or interacts with transaction layer and link layer
packets.

For a small portion of the time — the re-timer operates in Execution mode, where it must initiate traffic
directly, and act like a standard PCl Express upstream port on the re-timer Upstream Pseudo Port, and
like a standard PCl Express downstream port on the re-timer Downstream Pseudo Port. The main case,

where the re-timer operates in Execution mode, is that when the adaptive phases (Phases 2 and 3) of
the PCI Express link equalization protocol take place.
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14.2 Rx Detection, Re-timer Orientation, and Hot Plug

The PCl Express protocol requires that silicon attempt to detect receiver terminations, repetitively.
Once receiver terminations have been detected, silicon must attempt to train, and if there is no
response to training, then silicon must go into a “transmit compliance” mode, where a specified
compliance pattern is transmitted repetitively. This test mode is designed to make analog transmitter
compliance testing possible, by connecting any compliant re-timer directly to a 50-ohm terminated real-
time oscilloscope.

The re-timer does not present 50-Ohm terminations, on power up. The reason is that if it does, then
even if nothing is connected to the far re-timer port --or something is connected but not active— then
the device on the other side of the link will end up stuck in transmit compliance mode. A device stuck in
transmit compliance mode consumes unnecessary power, and potentially interferes with hot-plug. Since
re-timers power on without their receiver 50-ohm terminations applied, they perform Rx Detection
repetitively, in the same way as a standard PCl Express device on both Pseudo Ports (section 3.1.9).
Once Rx detection is successful on a Pseudo Port, the re-timer applies its own 50-ohm receiver
terminations on the opposite Pseudo Port. In addition, the re-timer has error detection rules which will
trigger it to re-attempt Rx Detection when a hot-pluggable device is disconnected.

Re-timers also detect which direction is upstream and which is downstream, dynamically. This is
obtained from information in the training sets — thus allowing a standard re-timer to be usable in a
reversible cable (where either end can be plugged into the upstream or downstream component).

14.3 Speed Detection and Speed Support

Re-timers must support all PCI Express speeds up to the maximum one that they are designed for. For
example — a PCI Express re-timer that supports 8.0 GT/s must also support 5 GT/s, and 2.5 GT/s. Re-
timers modify information in the training sets so that an unsupported speed is never advertised to the
upstream or downstream components. For example — a re-timer that only supports 2.5 GT/s and 5.0
GT/s would modify training set information and remove any advertisement of support for the 8 GT/s link
speed. Re-timers must properly detect the analog signaling rate on the link, whenever a re-timer
receiver detects exit from electrical idle, and begins to receive analog signaling. The re-timer must
ensure that it has the rate detected properly, before it starts forwarding received information to its
other Pseudo Port. This detection must be performed within small time windows defined in the PCI
Express ECN [20], in order to ensure that the delay in forwarding does not impact the PCl Express
training protocol.

14.4 Phase 2 and Phase 3 Adaptive Tx Equalization Training at 8 GT/s

Whenever a PCl Express re-timer detects an exit from electrical idle, properly detects the signaling rate,
and starts forwarding information, then it is in the Forwarding mode by default (Figure 37). When the
protocol reaches the beginning of the adaptive TXEQ phases (Phases 2 and 3), the re-timer switches into
the Execution mode, and starts to execute (actually initiates) the training protocol itself (independently)
on both the upstream and the downstream Pseudo Ports, simultaneously.

To begin with — the re-timer runs Phase 2 on its Upstream Pseudo Port, in exactly the same way a
standard PCl Express Upstream Port would behave (as was described in section 5.3), and runs Phase 2
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on its Downstream Pseudo Port in exactly the same way a standard PCI Express Downstream Port would
behave (Figure 37).

Once the Upstream Pseudo Port has completed optimizing the TXEQ for its own receiver in Phase 2, it
keeps the link in Phase 2 by not updating the appropriate status fields in the training sets, until the
Downstream Pseudo Port has also completed optimizing the TxEQ for its receiver.

Once the downstream Pseudo Port has completed optimizing the TxEQ for its receiver in Phase 3
(section 5.4), then the upstream Pseudo port indicates the completion of Phase 2, and the link segment
moves to Phase 3, where it behaves as a standard PCI Express upstream port.

Though the Downstream port has finished Phase 3 (Figure 38), it stays in Phase 3 by continuing to
request, repetitively, the final TXEQ which was selected for its receiver, while the upstream Pseudo Port
completes Phase 3. Once the Upstream Pseudo Port completes Phase 3, then both Pseudo Ports return
to the forwarding mode, at the same time.

The re-timer keeps states synchronized, in order to prevent introducing new error conditions due to its
presence. This helps prevent such cases where, for instance, one Link Segment completes Phase 2 and
Phase 3, and moves on to the next phase of the protocol, while the other Link Segment encounters
errors and exits TXEQ negotiation, before successfully completing Phase 3.

The re-timer must be able to complete Phase 2 and Phase 3 equalization for its own receivers in 2.5 ms,
so that the standard Upstream and Downstream Port equalization timeouts are never violated.
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14.5 Clocking Architecture Support

The PCI Express specification [10] supports several different clocking architectures. The architectures
supported in the latest revision of the specification are a common clock architecture (where a common
reference clock is distributed to both the upstream and downstream components), and an independent
reference clock architecture, where the upstream and downstream components have independent
reference clocks. Both clocking architectures allow the use of “Spread Spectrum Clocking” (SSC), which
is defined by PCI Express as 30-33 KHz clock modulation of up to 0.5% below the nominal reference clock
frequency of 100 MHz. The PCl Express ECN covering re-timers [20] allows support of either clocking
mode. A PCl Express re-timer available on the market may or may not support both architectures. Re-
timer implementations must have significantly larger elasticity buffers to support the independent
reference clock mode and have increased jitter tolerance at low frequency.

The PCI Express protocol requires a transmitter to send SKIP Ordered Sets (SOSs) with a minimum and
maximum average rate that varies with the clocking architecture. The average rate of SOS transmission
is about 10 times higher for the independent reference clock architecture with SSC (SRIS) than with the
common clock architecture. The SOSs are designed to be a set that a receiver can either expand, or
reduce, in order to keep internal buffers from underflowing or overflowing due to ppm variations
between the transmit and receive clocks. A re-timer is required to modify the SOSs to keep its receiver
data buffers from ever underflowing or overflowing when forwarding data from one re-timer Pseudo
Port to the opposite Pseudo Port. Furthermore, the PCl Express protocol requires that changes to the
SOSs are done consistently on all lanes at the same time, and failure to do so may break existing PCI
Express receivers. The PCl Express transmitter requirements provide enough SOS content, such that a
maximum of two re-timers may modify SOSs between the Upstream and Downstream Component. If
additional re-timers are present, then there is no longer a guarantee that the final receiver will have
enough remaining SOS content to function — this is true for both clocking modes.

14.6 Debugging and Electrical Testing

All PCI Express transmitters are required to support a Compliance mode where they automatically start
transmitting a compliance pattern [10] if 50-ohm terminations are detected, but the other side of the
link does not attempt to train. This allows transmitter testing to occur by connecting devices directly to
a 50-ohm-terminated oscilloscope. Re-timers are also required to support this mechanism such that
standard electrical testing can still occur for a re-timer by itself, or for a system which includes a re-
timer. In addition, re-timers are required to interoperate with the standard loopback modes defined by
the PCl Express specification such that loopback would still work between the Upstream and
Downstream components when one or two re-timers are in the path. There is also an optional “Local
loopback” definition in the re-timer ECN which allows loopback to be run directly to and from a re-timer
which supports this optional feature. The optional “Local loopback” helps to isolate the location of
errors that occur using the standard loopback modes between the Upstream and Downstream
component in a system.
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15.10G-KR Re-timer

There is a variety of ways that a 10GBASE-KR re-timer may be implemented. One fundamental rule
applies regardless of the link up flow methodology: The re-timer must be protocol-aware and capable of
performing KR Training, as defined by IEEE 802.3 Clause 72 [18]. By performing this training, the re-timer
is effectively breaking the channel in two from an electrical stand-point, and therefore creating two
separate KR Channels. Each side of the channel must conform to the IEEE 802.3 Annex 69B channel
parameter requirements. For additional details on this training process, please refer to the specification
and section 8.1 of this document. In addition to performing training with each end point, the re-timer
must either perform, or at least not interfere with, the other phases of bringing up a 10G-KR link,
specifically “Auto Negotiation” and “PCS Block Lock”.

15.1 Auto-Negotiation

The IEEE 802.3 standard’s Clause 73 “Auto Negotiation” (AN) is the first step required during the process
of establishing a 10G-KR link. At the beginning of the link up process, the two Ethernet ports attempt to
establish a connection using AN “Base Pages” (lower speed signaling) to communicate between each
other, thus allowing the devices to determine the highest common link speed. They can also configure
Forward Error Correction and perform additional functions through “Next Pages” such as enabling
Energy Efficient Ethernet (EEE) and other proprietary link modes. AN is used for link speeds from 1G
through 100G, and will continue to be used for future IEEE backplane protocols. If the two devices are
both capable of 10G-KR, and are not both capable of a higher speed, then AN will resolve to establish a
10G-KR link. When link is resolved to 10G-KR, the two devices have 500 ms to complete the AN process,
which includes KR Training and PCS alignment. Once the AN Base Page communication has been
completed, the devices transition to the KR Training phase of the link up process. The re-timer’s role in
this process is either to complete AN with both devices independently, or to pass the signal through
itself, and allow AN to complete directly between the end points. See section 15.4 for more info on the
full link up flow.

15.2 KR Training

IEEE 802.3 Clause 72 defines the PMD control for 10GBASE-KR, which includes KR Training. This is when
the equalization for the 10G signaling is adapted to the present channel (see section 8.1.2). In a system
using a re-timer, the channel is divided into two completely separate electrical domains, where side of
the link must conform to the Annex 69B channel specification, and training must occur on each side of
the re-timer. As stated above, a KR re-timer must be capable of performing this training. Once the KR
Training phase of the link up process is entered, the re-timer should close off the path between the two
devices and train each side of the link individually. Link training gives each receiver time to converge on
the incoming signal, which includes adjusting the TXEQ settings of the connected transmitter, so at the
end of training, all four transmitters and receivers are adapted to the connected channels.

15.3 PCS Alignment
The final phase of establishing a KR link is transitioning to data mode, and aligning the PCS layer of the
PHY to the 64B/66B encoded data (IEEE clause 49, [21]). In the case of a re-timer with a PCS, a
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connection to each end point can be established, independently, because the re-timer can supply the
encoded data needed to maintain link. The re-timer would go through AN and KR Training with the
device, then move into data mode with the re-timer supplying the 10G data until all channels are
trained. While link is only up on one side, the re-timer should send the end point “Remote Fault Ordered
Sets” (IEEE 46.3.4, [21]) to indicate that the far end device is not ready. When the re-timer has finished
training both sides of the link, then it can begin passing through the encoded data, and a full link can be
established through the re-timer. If the re-timer does not have a PCS, then the PCS alignment will occur
between the two end points with the re-timer simply passing the data along. In this case, the main
concern is enabling a clean and seamless transition into data mode (no loss of signal), as well as making
sure that all data paths are running on a congruent clock.

15.4 Link Up Flow

In the case of using a re-timer to extend a 10G-KR channel, there are two basic options for bringing link
up, depending on whether or not the re-timer implements a 64b/66b PCS. If the re-timer has a PCS, then
it can establish an independent link with each end point, and enable an extended channel once both
sides have been trained. The other option is only to implement the KR Training phase of the link up flow
within the re-timer, and allow the rest of the AN process to occur between the two end points, passing
through the re-timer. In this case, the re-timer must be able to recognize when the devices transition
from AN “Base Page” exchanges to KR “Training Frames” (section 8.1). At that time, the re-timer should
close off the channel, then train both channels independently. Once both sides have been trained, then
the re-timer can indicate to the end points that it is ready to transition to data mode. At that time, the
re-timer would go back into a pass-thru mode, exchanging information between the end points using
the equalization that was converged on during training. This transition into data mode should be
seamless, so that the end points do not lose CDR lock, and can lock to the incoming PCS signal as quickly
as possible.

There are advantages and disadvantages to both link up methods. A PCS-enabled re-timer would be
more complex and expensive, since it would need an AN layer as well as a PCS layer. Whereas a re-timer
which passes-through the AN signaling between end points, and does not have a PCS, may be more
prone to timing and interoperability issues, but is a simpler device. The most important consideration
with a “Training-only” re-timer is developing a robust link up flow. The recommended method is to
make sure that the re-timer is not indicating (to either end point) that it is ready to move to data mode,
until all receivers are ready to move to data mode. The way to accomplish that is by controlling the
“Receiver Ready” indication on all of the channels. Receiver Ready is a bit within the KR “Control

III

Channel” (which is a portion of the low-speed KR Training Frame) used to indicate to the link partner
that the local receiver is trained, and is ready to move to data mode. A Training-only re-timer should
only propagate the Receiver Ready indication when both of its ports are trained and are ready to move
to data mode. In other words, a re-timer should indicate “Receiver Ready” to an end point, only when
both re-timer ports, are trained AND when “Receiver Ready” is seen from the other end point. An
example of this type of link up flow is shown in Table 3 and Figure 40 with its associated legend in Figure

39.
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Table 3 KR re-timer “Link Up Flow” Description.

1. Ports enabled and
initialized

Re-timer passes through End Point's AN signal. End Point's complete AN process
with each other

2. Independent link training

KR Training occurs independently on either side of the link

3. End Point #1 achieves
Receiver Ready

End Point #1 local receiver is trained (RX2 and TX2), RX Ready indicated to re-
timer. RX Ready not propagated through re-timer because re-timer ports are not
converged

4. Either port of the re-timer
achieves Receiver Ready

Does not matter which re-timer port converges first (4.1 or 4.2), RX Ready not
indicated/propagated to End Point #2 until both re-timer ports are converged

5. Both Re-timer ports
achieve Receiver Ready

Begin propagating RX Ready indication from End Point #1 to End Point #2 when
BOTH re-timer ports are trained

6. All ports achieve Receiver
Ready

All ports are trained and ready to move to data mode. Re-timer propagates RX
Ready indication from both End Points

7. Transition to Data Mode

Re-timer propagates received data using equalization determined during training.
Transition into data pass through mode (SEND_DATA) must be seamless

Color indicate s link e qualiz ation status
# Red —Training in progre ss
Green — R and T adapted

CREHEE, >

Text Indicate s sighal being sent
Auto Meg (Black): Clause 73 Auto Megotiation
KR Training (¥ ellow): KR Training frames, R Ready =0
Ry Ready (White): KR Training Frames, B> Ready = 1
DATA (White) — 64/66 106 Signaling

Indication that B> Ready bitis being
propagated to farend retimer port

Figure 39 Legend for the KR re-timer “Link Up Flow” Block Diagram in Figure 40, shown below.

64

Marvell Semiconductor, Inc. - Ex. 1018, Page 000095




#1

#2

#3

#4.1

#4.2

#5

#6

#7

1

KR End Point #1

RX2

R%1 :(> T3 RX3

KR End Point #2

™ <: RX4 TX4

Retimer

TX1

KR End Point #1

RX2

KR Training €]

Retimer KR End Point #2

KR Traininé |

KR Training [Rpe rXa €

1

KR End Point #1

RX2

Retimer KR End Point #2

™

KR End Point #1

Rxz (0

Retimer KR End Point #2

T>1
KR End Point #1

RX2

TX3 RX3

Retimer KR End Point #2

RX4 1 Txe

TX1

KR End Point #1

Rx2 K

RX3
KR End Point #2

| x4

TX1 |

KR End Point #1

RX2

KR End Point #2

TX1 |

KR End Point #1

RX2 [

) RX3

KR End Point #2

Figure 40 KR re-timer “Link Up Flow” Block Diagram.
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15.5 Other Considerations For 10G-KR Re-timers

15.5.1 Energy Efficient Ethernet (EEE)

IEEE Clause 78, which addresses EEE [21], can cause issues with a protocol-aware re-timer if the re-
timer device is unaware that EEE is enabled. EEE enables the devices to turn off their transmitters
intermittently --without losing the clock recovery or channel equalization-- which could be seen by a re-
timer as link going down. EEE could only be enabled with a re-timer if the re-timer is specifically EEE-
capable, and completes AN with the end points, which is when the EEE configuration is enabled. In the
case that the re-timer is only doing training and not AN, EEE should be disabled.

15.5.2 Cascaded Configuration

In the event that a KR channel is longer than what can be supported by a single re-timer, it may be
desired to use multiple KR re-timers in a cascaded configuration. This can potentially create additional
link establishment concerns, but if the re-timer implements either one of the two “Link up Flows”
recommended in section 15.4, then the re-timer should be capable of establishing link up in such a
cascaded configuration, without introducing new issues.

PCS- and AN-capable devices should be able to support cascading easily, since they can establish links
independently with each end point, and/or a connected re-timer. As the other PHYs are enabled, and
once link has been adapted and brought up on each channel, the full data path will be enabled and
ready to pass traffic.

If the re-timer is only capable of supporting KR Training, then it is critical that the re-timer implement
the method of only propagating “Receiver Ready” after both of its ports have been trained, and it is
receiving “Receiver Ready” from the far-end link partner. The following example (Figure 41) of a KR
Channel, with multiple cascaded re-timers in the path, highlights the expected behavior of a “Training-
only” re-timer. There are four different channels to be trained, labeled #1 through #4, and each re-timer
is in a different phase of the link up process.

#1 #2 #3 H4
™ RX1X3 )| Rx1 ™3 ) Rx1 ™3 RX3
KR #1 @Retimerﬁ @Retimerﬁ : @Retimerﬁ KR #2
R Train ERP) rea ] ™ RX4 @ ™2 RX4 X4

Figure 41 KR re-timer Cascaded “Link Up Flow” Example.

In this example, channel #1 is fully trained by both KR End Point #1 as well as the re-timer. Since the End
Point is trained, it is signaling “Receiver Ready” to the re-timer, and because both re-timer ports are
trained, the re-timer is propagating that “Receiver Ready” indication on channel #2. Since the re-timer is
not receiving “Receiver Ready” on channel #2, it does not indicate “Receiver Ready” back to End Point
#1. Also notice that even though channel #2 is fully trained, and the middle re-timer is receiving
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“Receiver Ready”, it does not propagate it onto channel #3 because it does not yet have both of its local
receivers trained yet. All of this shows that even though half of the channels are fully trained, the link
will only be brought up when all channels are fully trained, and the “Receiver Ready” indication is
generated by both End Points and propagated through each re-timer.

15.5.3 KR Re-timer Link Debugging

KR Interoperability can be problematic between two PHYs from different industry vendors, and adding
an active device to the path would only make it more complicated. It is important for a KR PHY to have
certain debug features in order to allow investigating interoperability issues, and a KR Re-timer should
have similar features. If link is not getting established, then it will take a strong knowledge of both the
IEEE KR specification [21], as well as the end point and re-timer configuration to determine the cause of
the problem. In order to enable this, at a minimum the re-timer device should be able to indicate the
following to the user:-

- Link status of all ports

- KR Training State of all ports (IEEE Figure 72-5, [21])
- Frame Lock status of all ports (IEEE Figure 72-4, [21])
- Receiver convergence status of all ports

- Initial and Final Transmitter equalization coefficients
- Link partner “Receiver Ready” status

- Received eye health

The following features are desired, and may help facilitate debug, but they are not required:-

- Loopback modes at various levels (or layers) of the device

- Rx/Tx Parts Per Million (PPM) clock differences. Knowing the various clock rates --or at least the
differences between them-- can help debug a variety of receiver issues, such as elastic buffer
overflow problems

- Time-to-Link measurement

- Tx Feed-forward Equalization (Tx FFE, or TXEQ) adaptation requests made by re-timer to a link
partner

- Applicable re-timer receiver parameters (VGA, DFE, etc.)

Following are additional requirements if the re-timer contains a PCS and an AN layer:-

- Auto Negotiation State of all ports (IEEE Figure 73-11, [21])
- PCS Block alignment status of all ports
- Remote and Local fault status of all ports

15.5.3.1 Interoperability Testing

Assuming that all of the end points and re-timers in a link are compliant with the Tx and Rx electrical
requirements of the IEEE specification [21], then the most critical part of ensuring that a system which
utilizes a KR re-timer will behave as expected, is testing the functional interoperability of the system.
This interop testing should happen as early on in the design process as possible, so that any issues that
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are discovered can be addressed prior to building systems. Testing should, at a minimum, include
analyzing the full re-timer and End Point configuration for the following:

- Analyzing “Time to Link”
- Testing link up reliability when resetting any device
- Passing traffic reliably across comparable channels

Testing interoperability between the End Points, without a re-timer in the path, as well as testing a
single End Point with the re-timer in a loopback mode, can help facilitate this testing, as well as help
isolate any issues that may exist.

15.5.3.2 Transition Timing issues

One very common source of issues in KR Interoperability, that is made more complicated by the
presence of a re-timer, is transition timing. This is the amount of time that it takes the devices to
transition from AN signaling to KR “Training Frames”. Every device behaves differently, and devices can
be sensitive to long timeouts, or to the presence of unexpected data during this transition. The re-timer
should be capable of tolerating long transition times from end points, but should minimize the amount
of time that it adds to this transition, while it is closing off the channel to train each side. As mentioned
above, the transition from KR Training Frames to the passing through of KR data, should be seamless.

15.5.3.3 CDR Time domain issues

An additional consideration, which must be taken into account with re-timers, is knowing which clocking
(data rate) domain drives each independent channel section. The CDR of a re-timer’s receiving port
should use the recovered clock of the first (pre-re-timer) section of the full link to drive the re-timer’s
output transmission path to the other end point (the post-re-timer link). This ensures that there are no
buffer overflow or data rate mismatches. This can have an impact on the link up flow of the device, and
is up to the re-timer designers to verify that systems, in real world applications, will not have issues
regarding the various clock domains. Again, interoperability testing is critical to uncover potential issues
such as this.
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high-speed (25Gbps) 4-channel multi-rate retimer, packaged in a small 6-mm x 6-mm FC BGA package,
with integrated advanced signal conditioning circuitries. Electrical optimization of the silicon-package-pcb
over the high speed channels, to achieve desired performance, was achieved through a coupled circuit-to-
electromagnetic co-design modeling and simulation methodology. Key figure of merits for system
electrical performance (viz. insertion loss, return loss, crosstalk/isolation, jitter, and power supply
inductance and resistance parasitics, among others) are modeled and analyzed. Laboratory measurements
on a retimer are presented that validate the integrity of the modeling methodology. Good correlation
between modeling methodology and laboratory measurements is achieved.

Key words
Retimer, Co-Design, fcBGA package, Jitter, Return loss

synchronized by clocks either recovered from data stream
by a CDR or from a reference clock. For optimal
performance, retimer placement should be fully evaluated
through system-level co-design modeling/analysis of the
link to assess signal integrity, timing jitter, and power
integrity implications.

I. Introduction

Multi-gigahertz serial links suffer from signal attenuation
and distortion due to intrinsic channel/ interconnect
transmission line impairments. Signal characteristics,
impedance discontinuity, propagation delays, skin-effect,
dielectric loss, inter symbol interference (ISI), and
reflections are among some of the issues that will impact
the link performance of the transmission channel [1-2]. To
overcome these challenges, signal conditioning techniques
have been employed through integration of dedicated
circuitries (e.g. repeaters - viz. retimer or redriver).
Repeater refers to any active component that acts on a
signal to increase the physical lengths over which the signal
can be transmitted successfully [3-4]. The category of

Adaptation
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Clock
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Driver
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repeaters includes both retimers and re-drivers. The retimer
performs three primary functions — reshape, re-amplify, and
re-time the transmitted data to overcome channel
impediment and circuit bandwidth limitations [5-6].
Retimer differentiates from redriver by having a clock-data
recovery (CDR) which enables the option of including
advanced equalization circuitry (e.g. feed-forward
equalizer, FFE and decision feedback equalizer, DFE,
among others). Figure 1 shows a block diagram of the
typical components of a retimer implementation. Retimer
consists of a complete receiver and a driver which are
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Fig. 1.0: Typical components of a retimer implementation.

This work focuses on electrical optimization of a 4-
channel retimer, to achieve 25Gbps+ data rate performance.
Section II gives an overview of the retimer device. System-
level (die + package + PCB) electrical co-design modeling
and analysis methodology is detailed in Section III.
Measurements on the system are presented in Section IV.
Findings and observations are covered in Section V.
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II. Retimer Description

The device is a four-channel multi-rate retimer with
integrated signal conditioning (Figure 2.0). It is used to
extend the reach and robustness of long, lossy, crosstalk-
impaired high-speed serial links while achieving high bit
error rate (BER). The device data path consists of several
key blocks as shown in Figure 2.0. These key circuits are
the continuous time linear equalizer (CTLE), variable gain
amplifier (VGA), decision feedback equalizer (DFE), clock
and data recovery (CDR), and the differential driver with
finite impulse response (FIR) filter. For a complete
description of the functionalities of each circuit please refer
to the device datasheet [7].

‘Shared Digital Core.

ALL_DONE N
> NN
Shared Digital Core

Fig. 2.0: Functional block diagram of the retimer.

Each channel includes a continuous-time linear equalizer
(CTLE) and a Decision Feedback Equalizer (DFE), which
together compensate for the presence of a dispersive
transmission channel between the source transmitter and the
retimer receiver (Figure 2.0). The CTLE is a fully-adaptive
equalizer. The CTLE adapts according to a Figure of Merit
(FOM) calculation during the lock acquisition process. The
FOM calculation is based upon the horizontal eye opening
(HEO) and vertical eye opening (VEO). The CTLE consists
of 4 stages, with each stage having 2-bit boost control. This
allows for 256 different boost combinations. The CTLE
adaption algorithm allows the CTLE to adapt through 16 of
these boost combinations. The boost levels can be set
between 8 dB and 25 dB at 12.89 GHz. The VGA circuitry
assists in the recovery of extremely small signals, working
in conjunction with the CTLE to equalize and scale
amplitude.

To reduce the effects of crosstalk, reflections, or post
cursor inter-symbol interference (ISI), a 5-tap DFE is
employed within the data path of each channel. The DFE
must be manually enabled, regardless of the selected adapt
mode. Once the DFE has been enabled it can be configured
to adapt only during lock acquisition or to adapt
continuously. For many applications with lower insertion
loss (i.e. <30 dB) lower crosstalk, and/or lower reflections,
part or all of the DFE can be disabled to reduce power
consumption.
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Each channel includes an independent voltage-controlled
oscillator (VCO) and phase-locked loop (PLL) which
produce a clean clock that is frequency-locked to the clock
embedded in the input data stream. The high frequency
jitter on the incoming data is attenuated by the PLL,
producing a clean clock with substantially-reduced jitter.
This clean clock is used to re-time the incoming data,
removing high-frequency jitter from the data stream and
reproducing the data on the output with significantly-
reduced jitter. The recovered data is then output to the FIR
filter and differential driver together with the recovered
clock which has been cleaned of any high-frequency jitter
outside the bandwidth of the CDR clock recovery loop.

The FIR filter is used to pre-distort the transmitted
waveform in order to compensate for frequency-dependent
loss in the output channel. The output differential voltage
(VOD), pre-cursor, and post-cursor equalization of the
driver is controlled by manipulating the FIR tap settings.
The most common way of pre-distorting the signal is to
accentuate the transitions and de-emphasize the non-
transitions. The bit before a transition is accentuated via the
pre-cursor tap, and the bit after the transition is accentuated
via the post-cursor tap. The three-tap finite impulse
response (FIR) filter allows for pre- and post-cursor
equalization to compensate for a wide variety of output
channel media. The main cursor tap is the primary knob for
amplitude adjustment. The pre and post-cursor FIR tap
settings can then be adjusted to provide equalization. The
output FIR compensates for dispersion in the transmission
channel at the output of the device. This enables reach
extension for lossy interconnect, by minimizing signal
impairment and improve jitter to accommodate multiple
application areas.

Due to its rich equalization and jitter reduction features,
the retimer has many applications and can be effectively
deployed in a variety of different systems from backplanes
to front ports to active cable assemblies. Figure 3.0 below
shows a typical use of the retimer device.
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Fig. 3.0: Typical Uses for the retimer in a system.
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II1. Package and PCB Design Details

The device is package in a 6x6mm” 101-pin FcCSP ABM
multi-layer package. Fig. 4.0 below shows a top view of the
package routing and the critical 4-channel high speed data
path (highlighted in yellow). Figure 5.0 shows a three
dimensional (3D) representation of the package design.

Fig. 4.0: Top view of package design for the device.

Bumps

BGA balls

Fig. 5.0: 3D view of the package design for the device.

The high speed channels, for both package and PCB, are
designed and appropriately optimized to achieve a singled
ended impedance of 500hm and differential impedance of
1000hm respectively. Appropriate signal and power
integrity routing design guidelines were adopted during the
design. Fig. 6.0 below shows a top view of EVM PCB
routing and Figure 7.0 shows a 3D view of the EVM. It is
critical to making sure that high frequency effects are
captured accurately during the extraction, to that end the
package physical design was merged to the PCB design and
the merged design was used for extraction (Figure 8.0).
The objective was to accurately capture the electromagnetic
interaction at the interface of the package and PCB [8].

Metal
layers.
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Fig.7.0: 3D view of the EVM PCB design for the device.

Package merge on PCB

Package

2202 JequisnoN gz uo 3senb Aq jpd 081000

Fig. 8.0: 3D view of merged Package and PCB physical designs
for accurate 3D modeling and extraction.
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IV. System Co-Design Modeling Flow

To implement system-level co-design, appropriate
modeling methodology is required to assess impact of
parasitics on key performance figure of merit (FOMs).
Electrical optimization of the silicon-package-pcb over the
high speed channels, to achieve desired performance, was

achieved through a validated coupled circuit-to-
electromagnetic co-design modeling and simulation
methodology as described in steps below. The

methodology was previously validated with good
correlation to silicon measurements on similar devices [9-
12].

e Step 1: Initial package and PCB physical designs
are done while incorporating manufacturing and
assembly rules and engineering/customer specs.

e Step 2: Perform accurate 3D quasi-static and full
wave 3D electromagnetic extraction (both time
and frequency models) on appropriate critical
signals and power/ground domains.

e Step 3: In this step, a coupled circuit-to-
electromagnetic system-level analysis is employed
for system-level transient analysis. S-parameter
models are converted using advanced broadband
macromodeling algorithms for causality and
passivity.

e Step 4: In the final step — design of experiment
(DOE) and parametric sweepings are performed to
assess key FOM  performance  against
requirements. The flow is re-iterated until
requirements are met.

[ Plckacel(blllul) ] [ Plckaie ®F) ]

RLGC Extraction S-Parameter Extraction

I |
I

[ Coupled-Circuit-to-Electromagnetic ]

System-Level Analysis

Fig. 9.0: System co-design modeling methodology and flow.
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V. System Measurements

To validate the performance of the system predicted
through co-design modeling and analysis methodology, as
detailed in Section IV above, selective performance testing
were performed to assess impact of key FOMs. We present
here the laboratory characterization for the system return
loss and total output jitter performance of the device. The
characterization was performed across a range of
frequencies for nominal and corner voltages and
temperatures. The primary equipment used was the Agilent
PNA Series Network Analyzer & S-Parameter Test Set.
Figure 10 below shows the measurement test set-up.

Signal
Generator

Signal
Analyzer
(Agilent
N4419A)

(Agilent
E862B)

Fig. 10.0: Test set-up for Return Loss Measurements.

$CC22(dB)

Sceas BJ(93-4) mask

-20

-25

SCC22(dB)

-30

-35

-40 :
i
0O 2 4 6 8 10 12 14 16 18 20
Frequency(GHz) ~
1SDD11(dB)
0 Spp11 BJ(93-3) mask Color by:
-5
-10
-15
-20
-25
b-30
» -35
§ -0

0O 2 4 6 8 10 12 14 16

Frequency(GHz) v

18 20

Fig. 11.0: Sample TX and RX return loss measurements.

Figure 11 above shows a sample TX output and RX input
return loss results for nominal voltage and temperature. The
data displayed is from one random sample. All data
includes loss from EVM board (~4dB @ 12.9GHz). SCC22
BJ(93-4) & SDD22 BJ(93-3) and SCD11/SDC11 BJ(93-5)
& SDD11 BJ(93-3) masks are also shown.
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The output jitter performance of the device was
characterized by assessing the parametric quality of the eye
diagram. Figure 12 belows shows the test set-up for
measuring output jitter. The equipment used is the
Keysight DCA-X Mainframe with 86108B Precision
Waveform Analyzer. Measurements were made over
voltage and temperature. Figure 13 and 14 show the TX
output jitter at 25.78125Gbps and a sample of the eye
digram respectively.

Temperature
Forcing System

Pattern Generator
PRBS9
1000mVppd
25.78125Gbps

Sampling Scope

DS25DF810
PRBS9
Pattern Generator
€n=0,c0=+25,cp=+2
*Required to exercise adjacent
channels

Fig. 12.0: Test set-up for measuring output jitter.

TJ(U) vs. Ambient Temperature (C) J9(Ulpp) vs. Ambient Temperature (C)

Color by Color by:

03 S 03 S
025 @ VDD=2.35 025 @ VDD=2.35V
.02 nagrosm .xggz S | 02 noggrasr .xgg'g o
. 015 L 2 , 015 v -
£ 01 £ o1
005 7005
0 0
40 25 100 40 25 100
P — PR —
RJ(Ul)rms vs. Ambient Temperature (C) J2(Ulpp) vs. Ambient Temperature (C)
006 Color by, i3 Color by:
P peref : Sy -+ v
@ VDD=2.35V 025 @ VDD=2.35V
004 VDD=250V  , g2 VDD=2.50V
. 003 @VoD=265V ¢ . @ VDD=2.65V
" I Avgrvy: 010
E oo E o . "-
2 v g
0.01 L o o o
0 0
40 25 100 40 25 100

Amblent Temperature (€) =+ + Amblent Temperature (€)= &+

Fig. 13.0: Output jitter over voltage and temperature.
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Fig. 14.0: Eye diagram under typical conditions.
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VL. Findings and Observations

As discussed here, multi-gigahertz serial links suffers
from signal attenuation and distortions due to their intrinsic
channel/interconnect transmission line impairments. Due to
its rich equalization schemes and jitter reduction features,
the retimer are able to overcome these impairments in order
achieve high channels performance. While adoptions and
implementations of these signal conditioning techniques
help to ensure a compliant device, the high frequency
effects and electromagnetics interactions at the junction of
the die to package and package to PCB can impact the
performance drastically.  The system-level co-design
modeling methodology developed here helped to assess
these challenges early in the design process. The
methodology allowed for multiple iterations of the system
design until desired performance is achieved. Good
predictive performance was achieved for both return loss
and output jitter. Figure 15 below shows the correlation
between the simulated and measured return loss for two RX
channels. As shown fairly good correlation has been
achieved overall. The simulated data are shown in green
and purple while the measured data are shown in blue and
red colors respectively. The return loss performance over
PVT was also demonstrated to be in compliance with the
standard (viz. IEEE802.3bj CR4/KR4 mask).

SDD22_Magd vs. Freq (GHz)

Fraa (G

Fig. 15.0: Simulation to measurement correlation for 2 channels.

Correlation of simulation to measurement for the total
output jitter can only be inferred as the system-level circuit-
level transient simulation is quite complex to set-up. Based
on the measurements, all jitter components meet industry
specifications. Minimal variations in output jitter over
voltage and temperature were observed. Typical jitter
performance for the system were 0.18 UI pk-pk TJ @ 1E-
12, 0.006 UI RMS RIJ (random jitter), and 0.007 UI pk-pk
DCD (duty cycle distortion) respectively. The low jitter
performance was additionally enabled by minimizing the
parasitics resistance and inductance for the power domains
supply as assessed by the modeling flow.
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VII. Conclusion

In this paper we presented on the system-level co-design
modeling methodology developed to validate the
performance of a high speed multi-rate retimer. The rich
equalization schemes and jitter reductions techniques
adopted helped to overcome the signal integrity challenges
of the high frequency lossy interconnects. Additionally, we
have presented considerations on die, package and board
co-design and co-simulation for signal and power integrity
of the system. Using characterization measurements data
performed on the EVM system, it was demonstrated that
good correlation between measurement and simulation can
be achieved for both return loss and output jitter. As
demonstrated the electromagnetic interactions at the
interfaces can impact performance significantly. To that
end, we have shown that the comprehensive
modeling/analysis  co-design  methodology can be
successfully applied to characterize the performance of the
device early in the design phase. Additionally the
methodology provides the ability to perform parametric
sweeping of the key performance figure of merits under
manufacturing/assembly process variations.
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+ CPI & Modeling + Advanced Fan Out + MM Wave / High-Speed + 2.5D Technologies Processes
+ Embedded/High Voltage + Panel-Level Fan Out Packaging «+ Optical * Novel Materials &
« Optical/Automotive + MEMS & Sensors + RF/Wireless + BUMP & Interconnect Processes
* Wearable / Test Components + 3D Technologies +» Advanced Wirebond
«+ High Reliability in » Advanced Equipment &
Bio/Medical Additive Manufacturing

+ High Reliability in
Extreme Environments

Marvell Semiconductor, Inc. - Ex

. 1018, Page 000119



TRACK 6:
INTERACTIVE POSTER SESSION - "Posters & Pizza Lunch”

Student Presenters:

The Microelectronics Foundation sponsors Student Paper Competitions and Awards in conjunction with IMAPS
2018. Students submitting their work and identifying that "Yes, I'm a full-time student" on the abstract

submission form, will automatically be considered for these awards. The review committee will evaluate all MI(SROELECTRONICS
student papers/posters and award the following at the 2018 Symposium: . °cAavTiom

« Three (3) "Outstanding Student Paper" Awards - $500 Each Award
» One (1) "Best Student Paper of Symposium" Award - $2000 Award
» One (1) "Best Student Poster Presentation" Award - $250 Award

The selected student must attend the event to present his or her work and receive the award.

IMAPS 2018 Poster Session:

Interactive Poster Session Student papers will be considered for this interactive session. Students submitting abstracts for the poster session will be required
to submit a full paper which will be PEER-REVIEWED and considered for paper and poster awards noted above. If you are interested in presenting in the
interactive session at IMAPS Symposium, select the "Poster Session" option under the session field on the abstract submission form.

Speaker/Author Information:

"Call For Abstracts" Open: October 15, 2017

~1,000-Word Abstract Deadline Extended to: FEBRUARY 14, 2018

Confirmation of Abstract Receipt: Auto-Email Upon Submission (check spam/junk folders if you do not receive the email immediately
upon submission)

Speaker Notification - Abstract Acceptance: April 17, 2018

Manuscripts Due for Peer-Review: May 25, 2018

Notification of Paper pt: Irevision/rejection (Peer Review C ts back to author): August 27, 2018
Author registration deadline: September 12, 2018

SPEAKERS MUST BE REGISTERED OR YOU WILL BE REMOVED FROM THE PROGRAM LISTING

Early Registration / Hotel Deadline: September 12, 2018

Final Papers due to IMAPS: September 27, 2018

2-3 Sentence BIO due NOT LATER THAN: September 27, 2018

Paper Format/Template
IMAPS emailed all the speakers the required paper template upon acceptance and with instructions for paper submission and peer review.

Presentation Format/Template:
IMAPS does not require you to use a conference powerpoint template.

You are able to use your regular o powerpoint

Please include the IMAPS show name and dates on your template and/or an IMAPS logo.

Dress Code:
There is no officially "dress code” for IMAPS Conferences. We ask you to be BUSINESS CASUAL or whatever more you prefer. Most speakers tend to be in business pants and button
down/company logo shirts (Women in dresses or the same). Suits, sport coats and ties are common as well. We do not recommend casual attire.

rooms will be i with:
Screen, projector, podium, IMAPS laptop (with Microsoft Windows and recent OFFICE suite), microphone, and slide remote/laser pointer.

All session presentations are 20 minutes followed by 5 minutes for Questions
You are required to load your powerpoint/presentation onto the session laptop yourself using your USB drive.
Speak with your session chair if you need assistance.

About the Session:
Sessions begin with Session Chairs making general announcements. Session Chairs will then introduce speakers by reading BIOs. Speaker will present for 20 minutes, followed by 5
minutes for questions. Session Chairs will thank the speakers. This process is repeated for each speaker in the session. Many sessions will take refreshment breaks (see program).

Poster Session/Information

The poster session is planned to be an INTERACTIVE presentation. This means you do not start and complete a scheduled talk without interuption like in a regular/oral session. Speakers
should have talking points and be at their poster throughout the entire session. You can "present" your scheduled materials, but more often the attendees will review your slides and ask
questions. Or you can watch them and talk to them depending on which slide they are on

Authors may either print out each of their powerpoint slides on regular paper and tack them up in order, or prepare a large poster (or 2 even). Recommended poster size is typically 3x4 feet,
with the max space on the board being 4 ft high x 8 ft wide. IMAPS staff will provide tacks to secure your print outs. The session is first-come-first-serve so there are not assigned poster
boards/locations. POSTER SETUP FROM 10:30 AM UNTIL 11:40AM.

Photography is not permitted in the session rooms.

Silence all mobile phones during session attendance.

Special Paper Recognition - Cash Awards Offered

6 "Best of Track" Outstanding Papers - Six (6) $500 Cash Awards
Six "Best of Track" Winners will then be reviewed for..
1 Best Paper of the Symposium - One (1) additional $500 Cash Award for a "Best of Track" Winner

IMAPS Microelectronics Foundation Student Paper Awards
The Foundation is offering CASH AWARDS to the best papers submitted and presented by students at IMAPS
Symposium.

Accepted papers may be considered for publication in the IMAPS Journal of Microelectronics and Electronic Packaging.
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Registration & Hotel Information:
(Early Registration Deadline: September 12, 2018) | REGISTER ONLINE

Full attendee registrations (not exhibits only) includes the Opening Ceremonies, IMAPS Annual Business Meeting, IMAPS Awards Ceremony,
Keynote Presentations, Welcome Reception, Technical Sessions, GBC Plenary Session, Panel Discussion, Exhibit attendance, Breaks, Exhibit
Hall Reception on Wednesday, Exhibit Hall Lunch on Tuesday, one 2018 Proceedings Download (and access via our Mobile APP) and an
automatic one-year IMAPS membership renewal for individual and student members in good standing at the time of registration. For an additional
fee you can register for a Professional Development Course (PDC), the Golf Tournament, and other activities/purchases. All prices below are
subject to change.

Full Symposi llati will be refunded (less a $100 processing fee) only if written notice is postmarked on or before September
1, 2018. No refunds will be issued after that date.
v Early Fee Advance/Onsite Fee
VP! Through 9/12/2018 After 9/12/2018
IMAPS Member $800 $900
Non-Member $900 $1000
Speaker $625 $725
Chair $625 $725
Chapter Officer $625 $725
Student (IMAPS Member) $50 $75
Student (Non-Member) $75 $100
Exhibits Only (LUNCH INCLUDED) $30 $30
Exhibits Only (NO LUNCH INCLUDED) Complimentary Complimentary
ADDITIONAL REGISTRATION FEES:
Short Course / Professional Development Course "PDC" (one 2-hour PDC: Monday -- can $300 $400
take up to four total)
Golf (1 Golfer, Monday) - TBD $125 $125
REGISTER ONLINE
Hotel Reservations
Westin booking deadline extended through Monday, September 17th!
The Conference & Exhibition is being held at the Pasadena Convention Center.
Hotel Reservations must be made directly with the host hotels:
Westin Pasadena
191 North Los Robles Avenue Hilton Pasadena
Pasadena, California, 91101, USA 168 South Los Robles Avenue

Pasadena, California, 91101, USA
Single/Double Room Rate: $214 + taxes/fees
Single/Double Room Rate: $209 + taxes/fees
CLICK HERE for Online Reservations
Reservations by PHONE: 866-837-4181 - request group rate for HILTON PASADENA SOLD OUT
IMAPS Annual Symposium 2018

The Hilton and Westin Pasadena hotels offer shuttle service to the convention center and around Pasadena within a 2-3 mile radius of
the hotel. Both hotels are 20 minutes from the Bob Hope Burbank Airport (BUR) and 45 minutes from Los Angeles International Airport
(LAX).

Book your hotel reservation today! We have reserved a block of rooms at the host hotel to our
The discounted room rates are only available until the hotel deadline listed above, or until the room block sells out (and

has been filled may be subject to significantly higher rates. IMAPS room blocks at most hotels historically sell out ahead
of the discount deadline, so we encourage you to make your hotel reservations quickly for the best price and availability.

Hotel Scams Alert - The only way to book a room in the official IMAPS Housing Block using the reservations information
above. IMAPS does not authorize any other hotel service/group to operate on its behalf.

Heraeus

Industry leaders in thick film
technologies for the past 50 yea
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Premier Technology Sponsor:

ASE GROUP

Supporting Technology Sponsor:

C'JCET

Exhibit Lunch Sponsor:

PREMIER Sponsors:

Premier Program Sponsor:

Heraeus

Premier Technology Sponsor:

NGKlNTK

SPARK PLUGS || TECHNICAL CERAMCS
NTK TECHNOLOGIES, INC.

Event Sponsors:

Posters & Pizza Sponsor:

~MRSI

SYSTEMS

Coffee Break Sponsor:

Coffee Break Sponsor:

Supporting Sponsor:

CA

THE ADVANCED MATERIALS MANUFACTURER®

available

@ PacTech

Premier Technology Sponsor:

— —

Sdam

Networking Sponsor:

Student Programs Sponsor:

Keynote/Plenary Sponsor:

NORTHROP GRUMMAN

Honeywell

Coffee Break Sponsor:

Golf Sponsors

Media Sponsors
ELECTRONICS
PROTECTION

Bag Insert Sponsor:

«

Com

SYSTEMS INC

CORPORATE PREMIER MEMBERS

Honeywell Jrg\ BRI | aster- SUASTERBOND

ADHESIVES | SEALANTS | COATINGS

PO Box 110127 Research Triangle Park, NC 27709-5127 4€¢ 919-293-5000 &€¢ eFax 919-287-2339
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