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I, James L. Mullins, PhD declare as follows:

L. INTRODUCTION

1. I have been retained in this matter by Apple Inc. (“Petitioner” or
“Apple”) in the above-captioned infer partes review relating to U.S. Patent
9,509,440 to provide an opinion on a specific document.

2. I am presently Dean Emeritus of Libraries and Esther Ellis Norton
Professor Emeritus at Purdue University. My career as a professional and
academic/research spanned more than 44 years including library positions at
Indiana University, Villanova University, Massachusetts Institute of Technology,
and Purdue University. Appendix A is a true and correct copy of my curriculum
vitae describing my background and experience.

3. In 2018, I founded the firm Prior Art Documentation Librarian
Services, LLC, located at 205 St. Cuthbert, Williamsburg, VA 23188 after
purchasing the intellectual property of and successor to Prior Art Documentation,
LLC located at 711 South Race Street, Urbana, IL 61801. Further information about
my firm, Prior Art Documentation Librarian Services, LLC (PADLS), is available

at www.priorartdoclib.com.

4. I have been retained by Petitioner to offer my opinion on the
authenticity and dates of public accessibility of various documents. For this service,

I am being paid my usual hourly fee of $275.00. I have no stake in the outcome of
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this proceeding or any related litigation or administrative proceedings, and my
compensation in no way depends on the substance of my testimony or the outcome
of this proceeding.

II. BACKGROUND AND QUALIFICATIONS

5. I received a Bachelor of Arts degree in History, Religion and Political
Science in 1972 as well as a Master of Arts degree in Library Science in 1973
from the University of [owa. [received my Ph.D. in Academic Library Management
in 1984 from Indiana University. Over the past forty-four years, I have held various
positions and as a leader in the field of library and information sciences.

6. I am presently Dean Emeritus of Libraries and Esther Ellis Norton
Professor Emeritus at Purdue University, and have been since January 1, 2018. I
have been previously employed as follows:

. Dean of Libraries and Professor and Esther Ellis Norton Professor,

Purdue University, West Lafayette, IN (2004-2017)

° Assistant/Associate Director for Administration, Massachusetts
Institute of Technology (MIT) Libraries, Cambridge, MA (2000-
2004)

o University Librarian and Director, Falvey Memorial Library,

Villanova University, Villanova, PA (1996-2000)
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° Director of Library Services, Indiana University South Bend, South
Bend, IN (1978-1996)

° Part-time Instructor, School of Library and Information Science,
Indiana University, Bloomington, IN (1979-1996)

° Associate Law Librarian, and associated titles, Indiana University
School of Law, Bloomington, IN (1974-1978)

o Catalog Librarian, Assistant Professor, Georgia Southern College
(now University), Statesboro, GA (1973-1974)

7. I am a member of the American Library Association (“ALA”), where
I served as the chair of the Research Committee of the Association of College and
Research Libraries (“ACRL”). My service to ALA included service on the editorial
board of the most prominent library journal, College and Research Libraries. 1 also
served on the Standards Committee, College Section of the Association of College
and Research Libraries, where I was instrumental in developing a re-issue of the
Standards for College Libraries in 2000.

8. I am an author of numerous publications in the field of library science,
and have given presentations in library sciences at national and international
conferences. During more than 44 years as an academic librarian and library
science scholar, I have gained extensive experience with catalog records and online

library management systems (LMS) built using Machine-Readable Cataloging
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(“MARC”) standards. As an academic library administrator, I have had
responsibility to ensure that students were educated to identify, locate, assess, and
integrate information garnered from research library resources. I have also
facilitated the research of faculty colleagues either directly or through the
provision of and access to the requisite print and/or digital materials and services
at the universities where I worked.

0. Based on my experience identified above and detailed in my
curriculum vitae, which is attached hereto as Appendix A, I consider myselfto be an
expert in the field of library science and academic library administration. I have
previously offered my opinions on the public availability and authenticity of
documents in over 40 cases. I have been deposed in one case.

III. BACKGROUND ON PUBLIC ACCESSIBILITY

A.  Scope of This Declaration

10. I am not a lawyer, and I am not rendering an opinion on the legal
question of whether a particular document is, or is not, a “printed publication”
under the law. I am, however, rendering my expert opinion on the authenticity of
the document referenced herein and when and how this document was disseminated
or otherwise made available to the extent that persons interested and ordinarily
skilled in the subject matter or art, exercising reasonable diligence, could have

located the document.
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11. I am informed by counsel that an item is considered authentic if there
is sufficient evidence to support a finding that the item is what it is claimed to be. |
am also informed that authenticity can be established based on the contents of the
document itself, such as the appearance, content, substance, internal patterns, or
other distinctive characteristics of the item.

12. I am informed by counsel that a given reference qualifies as “publicly
accessible” if it was disseminated or otherwise made available such that a person
interested in and ordinarily skilled in the relevant subject matter could locate it
through the exercise of ordinary diligence.

13.  While I understand that the determination of public accessibility under
the foregoing standard rests on a case-by-case analysis of the facts particular to
an individual publication, I also understand that a printed publication is rendered
“publicly accessible” if it is cataloged and indexed by a library such that a person
interested in the relevant subject matter could locate it (i.e., I understand that
cataloging and indexing by a library is sufficient, though there are other ways that
a printed publication may qualify as “publicly accessible”). One manner of
sufficient indexing is indexing according to subject matter. I understand that it is
not necessary to prove someone actually looked at the printed publication in order
to show it was publicly accessible by virtue of a library’s cataloging and indexing

thereof. I understand that cataloging and indexing by a single library of a single
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instance of a particular printed publication is sufficient. I understand that, even if
access to a library is restricted, a printed publication that has been cataloged and
indexed therein is publicly accessible so long as a presumption is raised that the
portion of the public concerned with the relevant subject matter would know of the
printed publication. I also understand that the cataloging and indexing of
information that would guide a person interested in the relevant subject matter to
the printed publication, such as the cataloging and indexing of an abstract for the
printed publication, is sufficient to render the printed publication publicly
accessible.

14. I understand that evidence showing the specific date when a printed
publication became publicly accessible is not necessary. Rather, routine business
practices, such as general library cataloging and indexing practices, can be used to
establish an approximate date on which a printed publication became publicly
accessible.

B.  Person of Ordinary Skill in the Art

15. In forming the opinions expressed in this declaration, I have reviewed
the documents and appendices referenced herein. These materials are records
created in the ordinary course of business by publishers, libraries, indexing
services, and others. From my years of experience, | am familiar with the process

for creating many of these records, and I know that these records are created by
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people with knowledge of the information contained within the record. Further,
these records are created with the expectation that researchers and other members
of the public will use them. All materials cited in this declaration and its
appendices are of a type that experts in my field would reasonably rely upon and
refer to in forming their opinions.

16. I have been informed by counsel that the subject matter of this
proceeding relates to the use of modulation and coding schemes in a wireless
communication network.

17. I have been informed by counsel that a “person of ordinary skill in
the art at the time of the inventions” (POSITA) is a hypothetical person who is
presumed to be familiar with the relevant field and its literature at the time of the
inventions. This hypothetical person is also a person of ordinary creativity, capable
of understanding the scientific principles applicable to the pertinent field.

18. I have been informed by counsel that persons of ordinary skill in this
subject matter or art would have included someone with a Master’s degree in
Electrical Engineering, Computer Science, Applied Mathematics, Physics or
equivalent and three to five years of experience working with wireless digital
communication systems including physical layer of such systems, and that
additional education might compensate for less experience, and vice-versa. It is my

opinion that such a person would have been actively engaged in academic research
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and learning through study and practice in the field, and possibly through formal
instruction through the bibliographic resources relevant to his or her research. By
the 2000s, such a person would have had access to a vast array of print resources,
including at least the documents referenced below, as well as to a fast-changing set
of online resources.

C. Library Catalog Records and Other Resources

19. Some background on MARC (Machine-Readable Cataloging)
formatted records, OCLC, and WorldCat is helpful to understand the library
catalog records discussed in this declaration. I am fully familiar with the library
cataloging standard known as the MARC standard, which is an industry-wide
standard method of storing and organizing library catalog information.! MARC
practices have been consistent since the MARC format was developed by the
Library of Congress in the 1960s, and by the early 1970s became the U.S. national
standard for disseminating bibliographic data. By the mid-1970s, MARC format
became the international standard, and persists through the present. A MARC-
compatible library is one that has a catalog consisting of individual MARC records

for each of its items. The underlying MARC format (computer program) underpins

! The full text of the standard is available from the Library of Congress at

http://www.loc.gov/marc/bibliographic/.
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the online public access catalog (OPAC) that is available to library users to locate
a particular holding of a library. Today, MARC is the primary communications
protocol for the transfer and storage of bibliographic metadata in libraries.? The
MARC practices discussed below were in place during the 2000s time frame
relevant to the documents referenced herein.

20.  Online Computer Library Center (OCLC) is a not-for-profit worldwide
consortium of libraries. Similar to MARC standards, OCLC’s practices have been
consistent since the 1970s through to the present. Accordingly, the OCLC practices

discussed below were in place during the time frame discussed in my opinions

2 Almost every major library in the world uses a catalog that is MARC-compatible.
See, e.g., Library of Congress, MARC Frequently Asked Questions (FAQ),
https://www.loc.gov/marc/faq.html (last visited Jan. 24, 2018) (“MARC is the
acronym for MAchine-Readable Cataloging. It defines a data format that emerged
from a Library of Congress-led initiative that began nearly forty years ago.
It provides the mechanism by which computers exchange, use, and interpret
bibliographic information, and its data elements make up the foundation of most
library catalogs used today.”). MARC is the ANSI/NISO Z39.2-1994 (reaffirmed

2009) standard for Information Interchange Format.
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section. OCLC was created “to establish, maintain and operate a computerized
library network and to promote the evolution of library use, of libraries themselves,
and of librarianship, and to provide processes and products for the benefit of library
users and libraries, including such objectives as increasing availability of library
resources to individual library patrons and reducing the rate of rise of library per-
unit costs, all for the fundamental public purpose of furthering ease of access to and
use of the ever- expanding body of worldwide scientific, literary and educational
knowledge and information.” Among other services, OCLC and its members are

responsible for maintaining the WorldCat database (http://www.worldcat.org/), used

by libraries throughout the world.

21. Libraries worldwide use the machine-readable MARC format for
catalog records. MARC-formatted records include a variety of subject access points
based on the content of the document being cataloged. A MARC record for a
particular work comprises several fields, each of which contains specific data about

the work. Each field is identified by a standardized, unique, three-digit code

3 OCLC Online Computer Library Center, Inc., Amended Articles of Incorporation
of OCLC Online Computer Library Center, Inc., Third Article (OCLC, Dublin,

Ohio) Revised November 30, 2016, https://www.oclc.org/content/dam/oclc/

membership/articles-of-incorporation.pdf.

10
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corresponding to the type of data that follows. For example, a work’s title is recorded
in field 245, the primary author of the work is recorded in field 100, a work’s
International Standard Book Number (“ISBN”) is recorded in field 020, and the
work’s Library of Congress call number (assigned by Library of Congress) is
recorded in field 050. Some fields can contain subfields, which are indicated by
letters. For example, a work’s publication date is recorded in field 260 under the
subfield “c.”

22.  The MARC Field 040, subfield “a,” identifies the library or other entity
that created the catalog record in the MARC format. The MARC Field 008
identifies the date when this first MARC record was created. The MARC Field
005 identifies the most recent catalog activity including location assignment, by
the holding library, that is, the library which owns the book and is identified in the
OPAC.

23.  MARC records also include several fields that include subject matter
classification information. An overview of MARC record fields is available through
the Library of Congress.* For example, 6XX fields are termed “Subject Access

Fields.”> Among these, for example, is the 650 field; this is the “Subject Added

* See http://www.loc.gov/marc/bibliographic/.

5 See http://www .loc.gov/marc/bibliographic/bd6xx.html.

11
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Entry — Topical Term” field.® The 650 field is a “[s]ubject added entry in which the
entry element is a topical term.” Id. The 650 field entries “are assigned to a
bibliographic record to provide access according to generally accepted thesaurus-
building rules (e.g., Library of Congress Subject Headings (LCSH), Medical
Subject Headings (MeSH)).” Id. Thus, a researcher can easily discover material
relevant to a topic of interest with a search using the terms employed in the MARC
Fields 6XX.

24.  Further, MARC records include call numbers, which themselves
include a classification number. For example, the 050 field is dedicated as the
“Library of Congress Call Number™’ as assigned by the Library of Congress. A
defined portion of the Library of Congress Call Number is the classification
number, and “source of the classification number is Library of Congress
Classification and the LC Classification-Additions and Changes.” Id. Thus,
included in the 050 field is a subject matter classification. As an example:
TKS5105.59 indicates books on computer networks — security measures. When a
local library assigns a classification number, most often a Library of Congress

derived classification number created by a local library cataloger or it could be a

s See http://www.loc.gov/marc/bibliographic/bd650.html.

7 See http://www .loc.gov/marc/bibliographic/bd050.html.

12
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Dewey Decimal classification number for example, 005.8, computer networks —
security measures, it appears in the 090 field. In either scenario, the MARC record
includes a classification number in the call number field that represents a subject
matter classification.

25. The 9XX fields, which are not part of the standard MARC 21 format,?
were defined by OCLC for use by the Library of Congress, processing or holding
notes for a local library, and for internal OCLC use. For example, the 955 field is
reserved for use by the Library of Congress to track the progress of a new acquisition
from the time it is submitted for Cataloging in Publication (CIP) review until it is
published and fully cataloged and publicly available for use within the Library of
Congress. Fields 901-907, 910, and 945-949 have been defined by OCLC for local
use and will pass OCLC validation. Fields 905, 910, 980 etc., are often used by an
individual library for internal processing purposes, for example the date of receipt
or cataloging and/or the initials of the cataloger.

26. WorldCat is the world’s largest public online catalog, maintained by
the OCLC, a not-for-profit international library consortium, and built with the

records created by the thousands of libraries that are members of OCLC. OCLC

8 See https://www.oclc.org/bibformats/en/9xx.html.

13
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provides bibliographic and abstract information to the public based on MARC-
compliant records through its OCLC WorldCat database. WorldCat requires no
knowledge of MARC tags and code and does not require a login or password.
WorldCat is easily accessible through the World Wide Web to all who wish to search
it; there are no restrictions to be a member of a particular community, etc. The date
a given catalog record was created (corresponding to the MARC Field 008) appears
in some detailed WorldCat records as the Date of Entry but not necessarily all.
WorldCat does not provide a view of the underlying MARC format for a specific
WorldCat record. In order to see the underlying MARC format the researcher must
locate the book in a holding library listed among those shown in WorldCat, and
search the online public catalog (OPAC) of a holding library. Whereas WorldCat
records are widely available, the availability of library specific MARC formatted
records varies from library to library. When a specific library wishes to make the
underlying MARC format available there will be a link from the library’s OPAC
display, often identified as a MARC record or librarian/staff view.

27.  When a MARC record is created by the Library of Congress or an
OCLC member institution, the date of creation for that record is automatically

populated in the fixed field (008), with characters 00 through 05 in year, month, day

14
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format (YYMMDD).? Therefore, the MARC record creation date reflects the date
on which the publication associated with the record was first cataloged. Thereafter,
the local library’s computer system may automatically update the date in field 005
every time the library updates the MARC record (e.g., to reflect that an item has
been moved to a different shelving location within the library, or a reload of the
bibliographic data with the introduction of a new library management system that
creates and manages the OPAC).

D. Monograph Publications

28. Monograph publications are written on a single topic, presented at
length and distinguished from an article and include books, dissertations, and
technical reports. A library typically creates a catalog record when the monograph
is acquired by the library. First, it will search OCLC to determine if a record has
already been created by the Library of Congress or another OCLC institution. If a
record is found in OCLC, the record is downloaded into the library’s LMS (Library
Management System) that includes typically the OPAC (online public access
catalog by which researchers locate a particular library holding in a user-friendly

format), acquisitions, cataloging, and circulation integrated functions. Once the

? Some of the newer library catalog systems also include hour, minute, second

(HHMMSS).

15
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item is downloaded into the library’s LMS, the library adds its identifier to the
OCLC database so when a search is completed on WorldCat, the library will be
indicated as an owner of the title. Once a record is created in a Library’s LMS, it is
searchable and viewable through the library’s OPAC, typically by author, title, and
subject heading, at that library and from anywhere in the world through the internet
by accessing that library’s OPAC. The OPAC also connects with the circulation
function of the library, which typically indicates whether the record is available, in
circulation, etc., with its call number and location in a specific
departmental/disciplinary library, if applicable. The OPAC not only provides
immediate bibliographic access on-site, it also facilitates the interlibrary loan
process, which is when one publication is loaned from one library to another.

29.  O’Reilly Online Learning - O’Reilly learning provides individuals,
teams, and businesses with expert-created and curated information covering all the
areas that will shape our future—including artificial intelligence, operations, data,

UX design, finance, leadership, and more.!°

10 See https://www.oreilly.com/online-learning/.

16
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30.  Google Books - find a book, click on the “Buy this book” and “Borrow
this book™ links to see where it can be purchased as an e-book from the Google
Play Store.!!

31.  Wisconsin TechSearch (WTS)— WTS is a set of services offered by the
University of Wisconsin Libraries. WTS offers an array of article delivery and
research services to any retrieving information, regardless of whether the individual
is affiliated with the University of Wisconsin.'?

IV. OPINION _REGARDING _AUTHENTICITY __AND _ PUBLIC
ACCESSIBILITY

A. Document A: Arunabha Ghosh, et al., Fundamentals of LTE.
Prentice-Hall, 2011. 418 pages. (“Ghosh”)

32. I have been asked to opine on a book authored by Arunabha Ghosh,
et al, Fundamentals of LTE published by Prentice-Hall in 2011, “Ghosh”. Ghosh
contains 418 pages, 10 Chapters, and an Index.

33. I have evaluated Exhibit 1007, the Ghosh reference several ways: (1)
by assessing scans of a print copy of Ghosh owned by the University of Notre Dame
Libraries, provided to me at my request by the Wisconsin TechSearch (WTS) on

January 21, 2021 (Attachment A-1); (2) by assessing a digital copy accessed through

11 See https://books.google.com/googlebooks/about/index.html.

12 See (https://wts.wisc.edu/).

17
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Purdue University Libraries (Attachment B-1) from the O’Reilly Online Learning;
(3) by purchasing a digital copy of Ghosh through Kindle (Attachment C-1); and
(4) accessing and assessing the OPAC and MARC records for Ghosh at the Library
of Congress (Attachments H-1 and Attachment I-1).

34.  Attachment A-1 is the scan provided to me at my request from the
University of Notre Dame Libraries by the Wisconsin Tech Search (WTS) on January
21, 2021. Attachment A-1 includes: Cover; title page; copyright page with
handwritten call number that reads “Engin TK5103.48325.F86 2011; Contents,
includes pages: ix-xvi.

35. All identifying characteristics, such as stamps and notations on
Attachment A-1 are consistent with library practice and procedure that I have
observed during my career as a professional librarian. I have no cause for concern
about the authenticity or accuracy of these identifying attributes. In addition,
Attachment A-1 was found within the custody of a research library, the University
of Notre Dame Libraries, one of the most likely locations for an authentic
publication to be located.

36. Attachment B-1 are screenshots from Ghosh that include: cover; title
page; copyright page; and contents. This digital version was accessible to me from
the O’Reilly Online Learning database through Purdue University Libraries, and

was downloaded on January 27, 2021, due to license limitations it was not

18
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possible to download Ghosh in its entirety from O’Reilly Online Learning,'?
hence the reason for screen shots.

37. Attachment C-1 is screenshots from Google Books. 1 purchased a
digital copy of Ghosh through Google Books on January 26, 2021. It was
downloaded to my Kindle platform. I did call up the copy that I downloaded to
compare the content of Ghosh purchased from Google Books and the copy I
accessed through Purdue University Libraries from O’Reilly Online Learning.

38.  The digital version of Ghosh is available to anyone for a fee through
Google books.'

39. To verify authenticity of Attachment A-1, Attachment B-1, and
Attachment C-1, I assessed the title page, copyright page and table of contents, from
all three, they are identical. Having located Ghosh in a research library, University

of Notre Dame Libraries, and in a publisher data base, O Reilly Online Learning,

13 See https://learning.oreilly.com/library/view/fundamentals-of-

1te/9780137033638/title.html

14 See https://www.google.com/books/edition/ /HjxmKq5SMABcC?hl=en&gbpv=

1&pe=PT21&dg=Fundamentals+of+LTE+

19
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and a digital copy through Google Books, I can verify that Ghosh is an authentic
document published by Prentice-Hall in 2011 in print and made available in digital
format.

40. I conclude and affirm that Ghosh is an authentic document.

Public Accessibility

41. Attachment D-1 is the University of Notre Dame Library OPAC
(online catalog) record that I downloaded on January 20, 2021. The document
cataloged in this record is Ghosh as verified by author: Arunabha Ghosh; title:
Fundamentals of LTE; publisher and publication date: Prentice Hall in 2011; and
ISBN: 978-0-13-703311-9.

42. 1 also compared the LC Classification (call number):
TK5103.48325.F86 2011 with that handwritten on the copyright pages of
Attachment A-1 and it is the same on both, and on the OPAC record it indicates it
is available in the “Lower Level Engineering Collection” also identified as a part
of the call number. Ghosh could have been located by searching on the University
of Notre Dame Libraries OPAC for the author: Arunabha Ghosh; title:
Fundamentals of LTE; or by searching the subject heading: Long-term Evolution
(Telecommunications).

43. As mentioned above the MARC Field 005 and 9XX often indicate

the date of receipt and cataloging, depending upon the practice and procedure of the

20
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library. Attachment E-1 is a download I made on January 20, 2021 of the MARC
record from the University of Notre Dame Libraries OPAC through the link: “Staff
MARC View.” It provides detailed information about the ordering/receipt/
cataloging/indexing of Ghosh.

44.  In Attachment E-1, the MARC 980 Field is: 20101018 (October 18,
2010) and the MARC 005 Field is: 20101202123027, i.e., December 2, 2010 (the
remaining digits are check digits).

45. I contacted Diane Walker, University Librarian, University of Notre
Dame on January 22, 2021, to ask for clarification on the MARC 005 and MARC
980 fields as used by the University of Notre Dame Libraries, specifically for the
MARC record for Ghosh.

46. Attachment F-1, is the email I received from Diane Walker, University
Librarian of the University of Notre Dame on January 24, 2021. In her email she
included an email to her from the head of Metadata Services of the University of
Notre Dame in which she describes the policy and practice of the Metadata
Department on the use of the MARC 005 and MARC 980 fields:

Here is a summary of what happened with this title:

10/18/2010: Title invoiced by vendor and item prepared to ship from vendor.
10/29/2010: Bibliographic record loaded in Aleph system and order record

created automatically using the local 9XX MARC data. Shipment arrives in library
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Acquisitions sometime around this date. After which, the shipment is unpacked,
displayed for atwo-week subject librarian review, taken off display for final invoice
processing, and sent to Cataloging for final processing (just prior to Thanksgiving,
I would guess).

12/2/2010: Cataloging of book is completed and it is sent to Labelling and

delivery to the Engineering Library. This date corresponds to the MARC 005.

47. From Attachment E-1 and verified in Attachment F-1, the date in the
MARC 005 Field is the final cataloging of Ghosh at the University of Notre Dame
Libraries, December 2, 2010. Consistent with library practice and procedures I
witnessed during my professional work as a librarian, Ghosh would have been
available for public access within one week to ten days after it finished processing
(labeling and transfer to the shelf) at the University of Notre Dame Libraries in the
Engineering Collection on December 12, 2010.

48.  Attachment G-1 is a download from WorldCat for holdings of Ghosh
when searched using the geographical location of Indiana. The University of Notre
Dame, Hesburgh Library was second among the 199 libraries shown as holding
Ghosh worldwide.

49.  Attachment G-1 shows that Ghosh is the document associated with this
WorldCat entry, as verified by the author: Arunabha Ghosh, with the title:

Fundamentals of LTE; and ISBN: 978-0-13-703311-9.
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50. Ghosh could have been located by searching for the editors —
Arunabha Ghosh; title: Fundamentals of LTE, or by searching the subject heading:
Long-term Evolution (Telecommunications).

51.  The search discussed above could have been performed anywhere in
the world by anyone who accessed WorldCat and its predecessor database through
an OCLC member,

52.  Attachment H-1 is a true and correct copy of the Library of Congress
OPAC (online catalog) record and Attachment I-1 is the true and correct copy of the
MARC record for Ghosh. Typically, I would have had scans of the copy of the print
copy of Ghosh owned by the Library of Congress, however, due to the pandemic,
the Library of Congress has been and remains closed at the time of this declaration
and, hence, I am unable to obtain scans of Ghosh owned by the Library of Congress.
Therefore, I will draw upon the OPAC and MARC records to verify the ownership,
date of receipt and availability of Ghosh at the Library of Congress. As described
above, the Library of Congress reserved the MARC 955 field to describe the receipt,
cataloging and processing of items added to the collections of the Library of
Congress. The MARC record is a record created and maintained by federal
employees of the Library of Congress.

53. In Attachment H-1 the document cataloged in this record is

Fundamentals of LTE as verified by the fields listing author: Arunabha Ghosh; title:
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Fundamentals of LTE; publisher and publication date: Prentice Hall in 2011 and
ISBN: 978-0-13-703311-9.

54.  Ghosh could have been located in the Library of Congress OPAC by
searching for the author: Arunabha Ghosh; title: Fundamentals of LTE; or by
searching the subject heading: Long-Term Evolution (Telecommunications).

55. Attachment I-1 is the MARC record I downloaded from the Library
of Congress OPAC. The MARC format provides information about the processing
of Ghosh by the Library of Congress. As mentioned above, the 9XX field in the
MARC format is allocated to local libraries to enter information specific to that
library. The Library of Congress has reserved the 955 field to indicates date of
receipt of the published book and cataloging.

The MARC 955 field in this record reads:

955__ |brc02 2011-02-15 z-processor |i rc02 2011-02-15 to BCCD [t rf18

2011-04-14 copy 2 added.

56. The 955 record indicates the processing Ghosh began 2011-02-15
(February 15, 2011) and finished processing on 2011-02-15 (February 15, 2011).
The physical copy of Ghosh at the Library of Congress, consistent with library
practice and procedures I witnessed during my professional work as a librarian,
Ghosh would have been available for public access within one week to ten days after

it finished processing (labeling and transfer to the shelf) on 2011-02-15 (February
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15,2011), therefore, Ghosh would have been available at the Library of Congress no
later than February 25, 2011.

57.  Ghosh was then accessible through Library of Congress OPAC. Once
Ghosh was entered into the general collection of the Library of Congress, members
of the public could access the book by having it brought to either the Jefferson or
Adams Reading Rooms. The collections of the Library of Congress are searchable
by subject matter, author, or title such that a skilled researcher could find works
in which they were interested. For example, a member of the public could have
located a copy of Ghosh by searching for the authors: Arunabha Ghosh, et al;
title: Fundamentals of LTE and for the subject field Long-Term Evolution
(Telecommunications) in MARC field 650 in the Library of Congress OPAC.
Members of the public could read, study, and make notes about a selected work in
the Reading Rooms. Further, members of the public were permitted to make
photocopies of portions of the works while in the Reading Rooms. Accordingly, a
copy of Ghosh was accessible to the general public when it was available at the
Library of Congress.

58.  Attachment J-1, a WorldCat entry for Ghosh. I obtained by completing
a search on WorldCat on January 28, 2021. When [ searched WorldCat for
holdings of Ghosh in the District of Columbia, Library of Congress was second

on the list among the 199 libraries shown as holding Ghosh worldwide.
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59.  Attachment J-1 shows that Ghosh is the document associated with this
WorldCat entry, as verified by the authors: by Arunabha Ghosh, et al, with the title
Fundamentals of LTE published by Prentice-Hall in 2011; and ISBN: 978-0-13-
703311-9.

60.  Ghosh could have been located by searching for the author — Arunabha
Ghosh, et al, with the title Fundamentals of LTE; or by searching the subject
heading: Long-term Evolution (Telecommunications).

61. The search discussed above could have been performed anywhere in
the world by anyone who accessed WorldCat and its predecessor database through
an OCLC member,

Conclusion

62. I conclude that Ghosh is an authentic document and would have
been publicly accessible through the University of Notre Dame Libraries no later
than December 12, 2010, and the Library of Congress no later than February 25,
2011.

B. Document B: Harri Holma and Antti Toskala, editors. LTE for

UMTS: Evolution to LTE-Advanced. 2d edition. Wiley, 2011. 543
Pages. (“Holma”)

Authentication

63. I have been asked to opine on a book edited by Harri Holma and
Antti Toskala titled LTE for UMTS. Evolution to LTE-Advanced. 2d edition,

published by Wiley in 2011. Holma contains 543 pages, 13 Chapters, and an Index.
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64. I have evaluated the Holma reference several ways: (1) by assessing
Holma, Exhibit 1013, provided to me by counsel; (2) by downloading Holma from
the Wiley Online Library through the Purdue University Libraries; and (3) by
accessing and reviewing the OPAC and MARC records for Holma at the Library
of Congress.

65. Attachment A-2 is a download of Holma that includes the entire book.
This digital version was accessible to me from the Wiley Online Library through
Purdue University Libraries, and was downloaded on February 5, 2021.1

66. The digital version of Holma is available to anyone for a fee through
the Wiley Online Library.'®

67. Attachment B-2 is a true and correct copy of the Library of Congress
OPAC (online catalog). Typically, I would have had scans of the print copy of

Holma owned by the Library of Congress, however, due to the pandemic, the

15 See https://onlinelibrary-wiley-com.ezproxy.lib.purdue.edu/doi/pd{/10.1002/

9781119992943.
16 See https://www.google.com/books/edition/LTE_for UMTS/X9XwEOxYnAk
C?hl=en&gbpv=1&dq=LTE+for+UMTS.+Evolution+to+LTE-Advanced.&pg=

PP11&printsec=frontcover
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Library of Congress has been and remains closed at the time of this declaration and
hence, I am unable to obtain scans of Holma owned by the Library of Congress.
Therefore, I will draw upon the OPAC and MARC records to verify the ownership,
date of receipt and availability of Holma at the Library of Congress.

68. In Attachment B-2 the document cataloged in this record is as
verified LTE for UMTS. Evolution to LTE-Advanced. 2d edition. by the fields listing
main title: LTE for UMTS. Evolution to LTE-Advanced. 2d edition.; publisher and
publication date: John Wiley in 2011 and ISBN: 9780470660003.

69. Holma could have been located in the Library of Congress OPAC by
searching for the editors: Harri Holma and Antti Toskala; title: LTE for UMTS.
Evolution to LTE-Advanced. 2d edition; or by searching the subject headings:
Universal Mobile Telecommunication Systems; Wireless Communication
Systems- Standards; Mobile Communication Systems — Standards; Global System
for Mobile Communications and/or Long-Term Evolution (Telecommunications).

70. To verify authenticity of Attachment A-2 and Attachment B-2, I
assessed the title page, copyright page and table of contents, from both, they are
identical. Having located Holma in a research library, the Library of Congress, and
in a publisher data base, Wiley Online Library, I can verify that Holma is an authentic
document published by Wiley in 2011 in print and also made available in digital

format.
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71. 1 conclude and affirm that Holma is an authentic document.

Public Accessibility

72.  Attachment C-2 is the MARC record I downloaded from the Library
of Congress OPAC. The MARC format provides information about the processing
of Holma by the Library of Congress. As mentioned above, the 9XX field in the
MARC format is allocated to local libraries to enter information specific to that
library. The Library of Congress has reserved the 955 field to indicate date of receipt
ofthe published book and cataloging/indexing. The MARC record is a record created
and maintained by Federal employees of the Library of Congress.

The MARC 955 field in this record reads:

955  |brgll 2010-11-29 (telework) [e rgl1 2010-11-29 ONIX (telework)

to Gen Sci/Tech (STM) |d xh12 2010-12-29 |w rd11 2010-12-29 |a xe07

2011-06-02 1 copy rec’d., to CIP ver. [f rf08 2011-06-21 to BCCD

73.  The 955 record indicates the processing Holma began 2010-11-29
(November 29, 2010) and finished processing on 2011-06-21 (June 21, 2011). The
physical copy of Holma at the Library of Congress would have been available for
public access within one week to ten days, consistent with library practice and
procedures I witnessed during my professional work as a librarian, after it finished
processing (labeling and transfer to the shelf) on June 21, 2011, therefore, Holma

would have been available at the Library of Congress no later than July 1, 2011.
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74. Holma was then accessible through Library of Congress OPAC. Once
Holma was entered into the general collection of the Library of Congress, members
of the public could access the book by having it brought to either the Jefferson or
Adams Reading Rooms. The collections of the Library of Congress are searchable
by subject matter, author, or title such that a skilled researcher could find works
in which they were interested. For example, a member of the public could have
located a copy of Holma by searching for the editors: Harri Holma and Antti
Toskala; title; LTE for UMTS. Evolution to LTE-Advanced; or searching the
subject headings: Universal Mobile Telecommunication Systems; Wireless
Communication Systems- Standards; Mobile Communication Systems —
Standards; Global System for Mobile Communications and/or Long-Term
Evolution (Telecommunications).

75.  Members of the public could read, study, and make notes about a
selected work in the Reading Rooms. Further, members of the public were
permitted to make photocopies of portions of the works while in the Reading
Rooms. Accordingly, a copy of Holma was accessible to the general public when it
was available at the Library of Congress.

76.  Attachment D-2, the WorldCat entry for Holma, I obtained by
completing a search on WorldCat on February 5, 2021. Attachment D-2 shows

that Holma is the document associated with this WorldCat entry, as verified by the
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editors: Harri Holma and Antti Toskala, with the title: LTE for UMTS. Evolution to
LTE-Advanced; and by ISBN: 9780470660003.

77.  When I searched WorldCat for holdings of Holma in the District of
Columbia, Library of Congress was sixth on the among the 690 libraries shown
as holding Holma worldwide.

78.  The search discussed above could have been performed anywhere in
the world by anyone who accessed WorldCat and its predecessor database through
an OCLC member,

Conclusion

79. 1 conclude that Holma is an authentic document and would have
been publicly accessible through the Library of Congress no later than July 1, 2011.

C. Document C: Stefania Sesia, Issam Toufik, and Matthew Baker,

editors. LTE: The UMTS Long Term Evolution from Theory to
Practice. 2d edition. Wiley, 2011. (“Sesia”)

Authentication

80. I have been asked to opine on a book edited by Stefania Sesia, Issam
Toufik, and Matthew Baker titled. LTE: The UMTS Long Term Evolution from
Theory to Practice. 2d edition. published by Wiley in 2011. Sesia contains in 752

pages, 32 Chapters, and an Index.

81. I have evaluated the Sesia reference several ways: (1) by assessing

Sesia, Exhibit 1008, provided to me by counsel; (2) by downloading Sesia from
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the Wiley Online Library through the Purdue University Libraries; and (3) by
accessing and reviewing the OPAC and MARC records for Sesia at the Library of
Congress. Attachment A-3 is a download of Sesia that includes the entire book. This
digital version was accessible to me from the Wiley Online Library through Purdue
University Libraries, and was downloaded on February 5, 2021."
The digital version of Sesia is available to anyone for a fee through the Wiley Online
Library.'

82.  Attachment B-3 is a true and correct copy of the Library of Congress
OPAC (online catalog). Typically, I would have had scans of the print copy of Sesia
owned by the Library of Congress, however, due to the pandemic, the Library of

Congress has been and remains closed at the time of this declaration and hence, I

am unable to obtain scans of Sesia owned by the Library of Congress. Therefore, |

17 See https://onlinelibrary-wiley-com.ezproxy.lib.purdue.edu/doi/pd/10.1002/

9780470978504.

18 See https://www.google.com/books/edition/LTE The UMTS Long Term
Evolution/g0IficnQ6eUC?hl=en& gbpv=1&dq=LTE+-+the +tUMTS+long+term
+evolutiont+%5Belectronic+resource%SD+:+from+theory-+to+practice&pg=PR21

&printsec=frontcover.
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will draw upon the OPAC and MARC records to verify the ownership, date of
receipt and availability of Sesia at the Library of Congress.

83. In Attachment B-3 the document cataloged in this record is as verified
by the fields listing under personal name: Sesia, Stefania; title: LTE: The UMTS Long
Term Evolution from Theory to Practice. 2d edition. published by Wiley in 2011 and
ISBN: 9780470660256.

84. Sesia could have been located in the Library of Congress OPAC by
searching for the editors: Stefania Sesia, Issam Toufik, and Matthew Baker; title:
LTE: The UMTS Long Term Evolution from Theory to Practice and/or by the
following subject headings: Universal Mobile Telecommunication Systems, and/or
Long-Term Evolution (Telecommunications).

85. To verify authenticity of Attachment A-3 and Attachment B-3, I
assessed the title page, copyright page and table of contents, from both, they are
identical. Having located Sesia in a research library, the Library of Congress, and
in a publisher data base, Wiley Online Library, 1 can verify that Sesia is an
authentic document published by Wiley in 2011 in print and also made available in
digital format.

86. I conclude and affirm that Sesia is an authentic document.

Public Accessibility
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87.  Attachment C-3 is the MARC record I downloaded from the Library
of Congress OPAC. The MARC format provides information about the processing
of Sesia by the Library of Congress. As mentioned above, the 9XX field in the
MARC format is allocated to local libraries to enter information specific to that
library. The Library of Congress has reserved the 955 field to indicate date of receipt
ofthe published book and cataloging/indexing. The MARC record is a record created
and maintained by Federal employees of the Library of Congress.

The MARC 955 field in this record reads:

955 |b xj12 2010-09-14 |c xj12 2010-09-14 ONIX (telework) to STM |w
rd11 2010-10- 19 Ja xn02 2011-11-21 2 copies rec’d., to CIP ver. [fxj16

2012-04-10 copy 1 and 2 to BCCD

88. The 955 record indicates the processing Sesia began 2010-09-14
(September 14, 2010) and finished cataloging/processing on 2012-04-10 (April 4,
2012). The physical copy of Sesia at the Library of Congress would have been
available for public access within one week to ten days, consistent with library
practice and procedures 1 witnessed during my professional work as a librarian,
after it finished processing (labeling and transfer to the shelf) on April 4, 2012,
therefore, Sesia would have been available at the Library of Congress no later than

April 14, 2012.
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89. Sesia was then accessible through Library of Congress OPAC. Once
Sesia was entered into the general collection of the Library of Congress, members of
the public could access the book by having it brought to either the Jefferson or
Adams Reading Rooms. The collections of the Library of Congress are searchable
by subject matter, author, or title such that a skilled researcher could find works
in which they were interested. For example, a member of the public could have
located a copy of Sesia by searching for the editors: Stefania Sesia, Issam Toufik,
and Matthew Baker; title: LTE: The UMTS Long Term Evolution from Theory to
Practice and/or by the following subject headings: Universal Mobile
Telecommunication Systems; and/or Long-Term Evolution (Telecommunications).

90. Members of the public could read, study, and make notes about a
selected work in the Reading Rooms. Further, members of the public were
permitted to make photocopies of portions of the works while in the Reading
Rooms. Accordingly, a copy of Sesia was accessible to the general public when it
was available at the Library of Congress.

91. Attachment D-3, the WorldCat entry for Sesia, I obtained by
completing a search on WorldCat on February 5, 2021. Attachment D-3 shows that
Sesia is the document associated with this WorldCat entry, as verified by the
editors: Stefania Sesia, Issam Toufik, and Matthew Baker; title: LTE: The UMTS

Long Term Evolution from Theory to Practice and by ISBN: 9780470660256
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92. When I searched WorldCat for holdings of Sesia in the District of
Columbia, the Library of Congress was sixth on the among the 770 libraries shown
as holding Sesia worldwide.

93.  The search discussed above could have been performed anywhere in
the world by anyone who accessed WorldCat and its predecessor database through
an OCLC member.

Conclusion

94. I conclude that Sesia is an authentic document and would have been
publicly accessible through the Library of Congress no later than April 14, 2012.

V. AVAILABILITY FOR CROSS-EXAMINATION

95. In signing this Declaration, I recognize that this Declaration will
be filed as evidence in a contested case before the Patent Trial and Appeal Board
of the U.S. Patent and Trademark Office. I also recognize that I may be subject to
cross-examination in the case and that cross-examination will take place within the
United States. If cross-examination is required of me, I will appear for cross-
examination within the United States during the time allotted for cross-

examination.

36

IPR2022-00457
Apple EX1010 Page 39



Declaration of James L. Mullins, PhD
Patent No. 9,509,440

VI. RIGHT TO SUPPLEMENT

96. I reserve the right to supplement my opinions in the future to
respond to any arguments that the Patent Owner raises and to take into account
new information as it becomes available to me.

VII. SIGNATURE

97.  Ideclare 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.

98.  Ideclare under penalty of perjury that the foregoing is true and correct.

DatedM_@cg_Q& / ” Jol 2SS~

ames L. Mullins, PhD
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JAMES L. MULLINS, PhD
Prior Art Documentation Librarian Services, LLC
205 Saint Cuthbert, Williamsburg, VA 23188
jimullins@priorartdoclib.com

ph. 765 479 4956
Prior Art Documentation Librarian Services, LLC. (PADLS). Founded January 2018. As of
December, 2021, 112 declarations have been completed for 38 law firms; four depositions scheduled,

three cancelled a few days prior, and one was held, and was successful for my client.

Library Experience:

2018-present Dean Emeritus of Libraries & Esther Ellis Norton Professor Emeritus.

2011 -2017 Dean of Libraries & Esther Ellis Norton Professor, Purdue University.
2004 - 2011  Dean of Libraries & Professor, Purdue University.

2000 - 2004  Assistant/Associate Director for Administration, MIT Libraries,

Massachusetts Institute of Technology.

1996 - 2000  University Librarian & Director, Falvey Memorial Library. Villanova University.
1978 -1996  Director of Library Services, Indiana University South Bend.

1974 - 1978  Associate Librarian, Indiana University Bloomington, School of Law.
1973 -1974  Instructor/Catalog Librarian. Georgia Southern College (now University).

Teaching Experience:

1977 - 1996  Associate Professor (part-time), School of Library and Information Science, Indiana
University. Subjects taught: Cataloging, Management, and Academic Librarianship.

Education:

The University of lowa. Honors Bachelor of Arts in History, Religion & Political Science, 1972.

The University of lowa. Master of Arts in Library Science, 1973.

Indiana University. Doctor of Philosophy. Concentration: Academic Library Administration.

Emphasis: Law Librarianship, 1984.
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Awards and Recognition:

2017 Wilmeth Active Learning Center/Library of Engineering and Science, Grand Reading Room, was
announced by President Mitch Daniels, Purdue University, that it would be re-named the James L.
Mullins Reading Room to honor his leadership and reputation in the academic library profession.
September 2017. Portrait unveiled December 2017.

2017 Distinguished Alumnus Award by the School of Informatics and Computing, Indiana University,
Bloomington. Given June 25, 2017.

2016 Hugh C. Atkinson Memorial Award, jointly sponsored by the four divisions of the American
Library Association (ALA), June 27, 2016.

2015 ACRL Excellence in University Libraries Award, April 23, 2015.

Named Esther Ellis Norton Professor of Library Science by Purdue Trustees, December 11, 2011.
International Review Panel to evaluate the University of Pretoria Library, February 20 — 24, 2011.
Pretoria, South Africa.

Publications: (selected)

“An Academic ‘Ecotone’: The Wilmeth Active Learning Center, Purdue University” to be published in
Designing Academic Libraries, Association of College and Research Libraries, 2022.

A Purdue Icon: creation, life, and legacy, edited by James L. Mullins, Founder’s Series, Purdue
University Press, 138pp., August 2017.

“The policy and institutional framework.” In Research Data Management, Practical Strategies for
Information Professionals, edited by Ray, J M. Purdue University Press, pp.25-44, 2014.
“DataCite: linking research to data sets and content.” In Benson, P and Silver, S. What Editors
Want: An Author’s Guide to Scientific Journal Publishing. University of Chicago Press, pp. 21-23,
December 2012.

“Library Publishing Services: Strategies for Success,” with R. Crow, O. Ivins, A. Mower, C.
Murray-Rust, J. Ogburn, D Nesdill, M. Newton, J. Speer, C. Watkinson. Scholarly Publishing and
Academic Resources Coalition (SPARC), version 2.0, March 2012.

“The Changing Definition and Role of Collections and Services in the University Research

Library.” Indiana Libraries, Vol 31, Number 1 (2012), pp.18-24.

“Are MLS Graduates Being Prepared for the Changing and Emerging Roles that Librarians must now
assume within Research Libraries?” Journal of Library Administration. Volume 52, Issue 1, 2012, p.
124-132
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Baykoucheva, Svetla. What Do Libraries Have to Do with e-Science?: An Interview with James L.
Mullins, Dean of Purdue University Libraries. Chem. Inf. Bull. [Online] 2011, 63 (1), 45-49.
http://www.acscinf.org/publications/bulletin/63-1/mullins.php (accessed Mar 16, 2011).

“The Challenges of e-Science Data-set Management and Scholarly Communication for Domain
Sciences and Technology: a Role for Academic Libraries and Librarians,” chapter in, The Digital
Deluge: Can Libraries Cope with e-Science?” Deanna B. Marcum and Gerald George, editors, Libraries
Unlimited/Teacher Ideas Press, 2009. (a monograph publication of the combined proceedings of the
KIT/CLIR proceedings).

“Bringing Librarianship to e-Science,” College and Research Libraries. vol. 70, no. 3, May 2009,
editorial.

“The Librarian’s Role in e-Science” Joho Kanri (Journal on Information Processing and Management),
Japan Science and Technology Agency (formerly Japan Information Center of Science and
Technology), Tokyo, Japan. Translated into Japanese by Taeko Kato. March 2008.

The Challenge of e-Science Data-set Management to Domain Sciences and Engineering: a Role for
Academic Libraries and Librarians,” KIT (Kanazawa Institute of Technology)/CLIR (Council of
Library and Information Resources) International Roundtable for Library and Information Science, July

5-6, 2007. Developments in e-science status quo and the challenge, The Japan Foundation, 2007.

“An Administrative Perspective,” Chapter 14, Proven Strategies for Building an Information Literacy
Program, Susan Curzon and Lynn Lampert, editors, Neal-Schuman Publishers, Inc., New York, 2007.
pp. 229-237.

Library Management and Marketing in a Multicultural World, proceedings of the IFLA Management
and Marketing (M&M) Section, Shanghai, China, August 16-17, 2006, edited. K.G. Saur, Munchen,
Germany, June 2007. 390 pp.

Top Ten Assumptions for the Future of Academic Libraries and Librarians: a report from the ACRL
Research Committee, with Frank R. Allen and Jon R. Hufford. College & Research Libraries, April
2007, vol.68, no.4. pp.240-241, 246.

To Stand the Test of Time: Long-term Stewardship of Digital Data Sets in Science and Engineering. A
report to the National Science Foundation from the ARL Workshop on New Collaborative
Relationships: the Role of Academic Libraries in the Digital Data Universe. September 26-27, 2006,
Arlington, VA. p.141. http://www:.arl.org/bm~doc/digdatarpt.pdf
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“Enabling Interaction and Quality in a Distributed Data DRIS,” Enabling Interaction and Quality:
Beyond the Hanseatic League. 8" International Conference on Current Research Information Systems,
with D. Scott Brandt and Michael Witt. Promoted by euro CRIS. Leuven University Press, 2006. pp.55-
62. Editors: Anne Garns Steine Asserson and Eduard J. Simons.

"Standards for College Libraries, the final version approved January 2000," prepared by the ACRL
College Libraries Standards Committee (member), C&RL News, March 2000, p.175-182.

"Standards for College Libraries: a draft,” prepared by the ACRL College Libraries Section, Standards
Committee (member), C&RL News, May 1999, p. 375-381.

"Statistical Measures of Usage of Web-based Resources,” The Serials Librarian, vol. 36, no. 1-2 (1999)
p. 207-10.

"An Opportunity: Cooperation between the Library and Computer Services," in Building Partnerships:
Computing and Library Professionals. Edited by Anne G. Lipow and Sheila D. Creth. Berkeley and San
Carlos, CA, Library Solutions Press, 1995. p. 69-70.

"Faculty Status of Librarians: A Comparative Study of Two Universities in the United Kingdom and
How They Compare to the Association of College and Research Libraries Standards, " in Academic
Librarianship, Past, Present, and Future: a Festschrift in Honor of David Kaser. Englewood, Colorado;
Libraries Unlimited, 1989. p. 67-78. Review in: College & Research Libraries, vol. 51, no. 6. November
1990, p. 573-574.

Presentations: (Representative)

“How Long the Odyssey? Transitioning the Library and Librarians to Meet the Needs and Expectations
of the 21° Century University,” David Kaser Lecture, School of Informatics & Computing, Indiana
University, Bloomington, IN, November 16, 2015.

Presentation at University of Cape Town, Cape Town, South Africa, August 20, 2015.

“The Challenge of Discovering Science and Technology Information,” Moderator, International
Federation of Library Associations (IFLA) Science and Technological Libraries Section Program, Cape
Town, South Africa, August 18, 2015.

“An Odyssey in Data Management: Purdue University,” International Federation of Library
Associations (IFLA) Research Data Management: Finding Our Role — A program of the Research Data
Alliance, Cape Town, South Africa, August 17, 2015.

Presentation at University of Pretoria, Pretoria, South Africa, August 11, 2015.
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Co-Convener with Sarah Thomas, Harvard University, at the Harvard Purdue Symposium on Data
Management, Harvard University, Cambridge, MA, June 15-18, 2015.

“Strategic Communication,” panel discussion on the Director's role and perspective on library
communications at Committee on Institutional Cooperation (CIC) Center for Library Initiatives (CLI)
Annual Conference, University of Illinois Urbana-Champaign, May 20, 2015.

“Issues in Data Management,” panel discussion moderated by Catherine Woteki, United States
Undersecretary for Research, Education & Economics at 20" Agriculture Network Information
Collaborative (AgNIC) Annual Meeting in the National Agricultural Library, Beltsville, MD, May 6,
2015.

“Active learning/IMPACT & the Active Learning Center at Purdue University,” Florida Institute of
Technology, Melbourne, FL, February 11, 2015.

“Science+art=creativity: libraries and the new collaborative thinking,” panel moderator, International
Federation of Library Associations (IFLA) 80" General Conference and Assembly, Lyon, France,
August 19, 2014.

“Purdue University The Active Learning Center—A new concept for a library,” Association of
University Architects 59" Annual National Conference, University of Notre Dame, South Bend, IN,
June 23, 2014.

“Big Data & Implications for Academic Libraries,” keynote speaker, Greater Western Library Alliance
(GWLA) Cyber-infrastructure Conference, Kansas City, MO, May 28, 2014.

“Research Infrastructure,” panel moderator, Association of Research Libraries (ARL) 164" Membership
Meeting, Ohio State University, Columbus, OH, May 7, 2014.

“An Eight Year Odyssey in Data Management: Purdue University,” International Association of
Scientific and Technological University Libraries (IATUL) 2013 Workshop Research Data
Management: Finding Our Role, University of Oxford, UK, December 2013.

“Purdue University Libraries & Press: from collaboration to integration,” Ithaka Sustainable
Scholarship, The Evolving Digital Landscape: New Roles and Responsibilities in Higher Education,
libraries as publishers, New York, New York, October 2013.

“Tsinghua and Purdue: Research Libraries for the 21% Century,” Tsinghua University, Tsinghua, China,
August 2013.
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“Purdue Publishing Experience in the Libraries Publishing Coalition,” Association of American
University Presses Annual Meeting, Press-Library Coalition Panel, Boston, Massachusetts, June 21,
2013.

“Indiana University Librarians Day: Purdue University Libraries Ready for the 21% Century,” Indiana
University Purdue University Indianapolis (IUPUI), June 7, 2013.

“Purdue University Libraries and Open Access; CNI Project Update,” Coalition for Networked
Information, San Antonio, TX, April 5, 2013.

Memorial Resolution, honoring Joseph Brannon, to the Board of the Association of College & Research
Libraries, Seattle, WA, January 2013.

“An overview of sustaining e-Science collaboration in an Academic Research Library—the Purdue
experience,” Duraspace e-Science Institute webcast, October 17, 2012.

“The Role of Libraries in Data Curation, Access, and Preservation: an International Perspective, “ Panel
Moderator, 78" General Conference and Assembly, International Federation of Library Associations,
Helsinki, Finland, August 15, 2012.

“21% Century Libraries,” moderator of First Plenary Session, International Association of Technological
University Libraries 33" Annual Conference, Singapore, June 4, 2012.

“Planning for New Buildings on Campus,” panel presenter, University of Calgary Building Symposium
on Designing Libraries for the 21 Century, Calgary, Alberta, Canada, May 17, 2012.

“Data Management and e-Science, the Purdue Response.” Wiley-Blackwell Executive Seminar-2012,
Washington, DC, March 23, 2012.

“An overview of Sustaining e-Science Collaboration in Academic Research Libraries and the Purdue
Experience.” Leadership & Career Development Program Institute, Association of Research Libraries
(ARL). Houston, TX, March 21, 2012.

“An overview of Data Activities at Purdue University in response to Data Management Requirements.”
Coalition for Academic Scientific Computation (CASC). Arlington, VA, September 8, 2011.

“Getting on Track with Tenure,” Association of College and Research Libraries (ACRL) Research
Program Committee. Washington, DC, June 26, 2011.

“Integration of the Press and Libraries Collaboration to Promote Scholarly Communication,”
Association of Library Collections & Technical Services (ALCTS) Scholarly Communication Interest

Group — American Library Association, New Orleans, Louisiana, June 25, 2011.
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“Cooperation for improving access to scholarly communication,” with N. Lossau (Germany), C.
Mazurek (Poland), J. Stokker (Australia), panel moderator and presenter, Second Plenary Session,
International Association of Scientific and Technological University Libraries (IATUL) 32" Conference
2011, Warsaw, Poland. May 29-June 2, 2011.

“Riding the Wave of Data,” STM Annual Spring Conference 2011. Trailblazing & transforming
scholarly publishing 2011. Washington, D.C., April 28, 2011.

“Confronting old assumptions to assume new roles: physical and operational integration of the Press and
Libraries at Purdue University,” keynote speaker, 2011 BioOne Publishers & Partners Meeting.
Washington, D. C., April 22, 2011.

“Are MLS Graduates Being Prepared for the Changing and Emerging Roles that Librarians must now
assume within Research Libraries?” University of Oklahoma Libraries Seminar, March 4, 2011,
Oklahoma City, Oklahoma.

“The Future Role of University Librarians,” the University of Cape Town, South Africa, February 25,
2011.

“New Roles for Librarians: the Application of Library Science to Scientific/Technical Research —
Purdue University — a case study. International Council for Science and Technology (ICSTI); Ottawa,
Canada. June 9, 20009.

“Reinventing Science Librarianship: Models for the Future,” Association of Research Libraries /
Coalition for Networked Information. October 16-17", 2008, Arlington, VA. Moderator and convener of
Data Curation: Issues and Challenges.

“Practical Implementation and Opportunities Created at Purdue University,” African Digital Curation
Conference, Pretoria, South Africa, (live video transmission), February 12, 2008.

Keynote speaker. “Scholarly Communication & Academe: The Winter of Our Discontent,” XXVII
Charleston Conference on Issues in Book and Serial Acquisition, Charleston, South Carolina. November
8, 2007.

Keynote speaker. “Enabling Access to Scientific & Technical Data-sets in e-Science: a role for Library
and Archival Sciences,” Greater Western Library Alliance (GWLA), Tucson, Arizona. September 17,
2007. A meeting of library directors and vice presidents for research of member institutions.

“The Challenge of e-Science Data-set Management to Domain Sciences and Engineering: a Role for

Academic Libraries and Librarians,” KIT (Kanazawa Institute of Technology)/CLIR (Council of
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Library and Information Resources) International Roundtable for Library and Information Science, July
5-6, 2007. Invited to participate by the Deputy Librarian of Congress.

International Association of Technological University Libraries (IATUL), Stockholm, Sweden. June 8,
2007. Invited paper, Enabling International Access to Scientific Data-sets: creation of the Distributed
Data Curation Center (D2C2).

“A New Collaboration for Librarians: The Principles of Library and Archival Sciences Applied to the
Curation of Datasets,” Symposium of the Libraries and the College of Engineering, University of
Louisville, April 6, 2007.

“Purdue University Libraries: Through Pre-eminent Innovation and Creativity, Meeting the Challenges
of the Information Age,” Board of Trustees, Purdue University, February 15, 2007.

ARL Workshop on New Collaborative Relationships: The Role of Academic Libraries in the Digital
Data Universe, September 26-27, 2006, Arlington, VA. Invited participant.

NARA and SDSC: A partnership. A panel before the National Science Foundation, June 27, 2006.
Arlington, VA. Invited participant.

“Kaleidoscope of Scientific Literacy: fusing new connections,” with Diane Rein, American Library
Association, Association of College and Research Libraries, Science & Technology Section, Annual
Conference, New Orleans, June 26, 2006.

“Leadership for Learning: Building a Culture of Teaching in Academic Libraries — an administrative
perspective,” American Library Association, Association of College and Research Libraries, Instruction
Section, Annual Conference, New Orleans, June 25™, 2006.

“Building an interdisciplinary research program in an academic library:

how the Libraries’associate dean for research makes a difference at Purdue University,” International
Association of Technological University Libraries (IATUL), Porto, Portugal, May 23rd, 2006.
“Enabling Interaction and Quality in a Distributed Data DRIS,” Enabling Interaction and Quality:
Beyond the Hanseatic League. 8" International Conference on Current Research Information Systems,
with D. Scott Brandt and Michael Witt. Promoted by euro CRIS, Bergen, Norway, May 12th, 2006,
Brandt, and Witt presented in person

“Interdisciplinary Research,” with D. Scott Brandt, Coalition for Networked Information (CNI) Spring
Meeting: Project Briefing, Washington, D.C., April 3", 2006.

“An Interview with Purdue’s James Mullins,” a podcast submitted by Matt Pasiewicz, on Educause

Connect, http://connect.educause.edu/James_L_Mullins_Interview CNI_2005
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“Managing Long-Lived Digital Data-sets and their Curation: Interdisciplinary Policy Issues,” Managing
Digital Assets Forum, Association of Research Libraries (ARL), Washington, D.C., October 28", 2005.
“The Odyssey of a Librarian.” Indiana Library Federation (ILF), District 2 Meeting, South Bend,
Indiana. October 4th, 2005.

"New College Library Standards," Standards Committee Presentation, ALA, Chicago, July 7, 2000.
SUNY Library Directors, Lake George, New York. “The College Library Standards: a Tool for
Assessment.” April 5, 2000.

Tri-State College Library Association, Finding You Have Talents You Never Knew You Had, Penn State
Great Valley, March 25, 2000.

Using Web Statistics, American Library Association, New Orleans, June 24, 1999.

Keynote speaker at the JISTOR Workshop, January 29, 30, 1999. University of Pennsylvania,
Philadelphia, PA.

"The New Standards for Electronic Resources Statistics," Society of Scholarly Publishers, Washington,
D.C., September 17, 1998.

"Evaluating Online Resources: Now that you've got them what do you do?," joint presenter with Chuck
Hamaker, LSU, at the NASIG Conference, Boulder, Colorado. June 1998.

"What Employers Are Looking for in New Librarians?" Pennsylvania Library Association, Philadelphia.
September 26, 1997.

"The Theory of Matrix Management™ panel presentation of the Comparative Library Organization
Committee of the Library Organization and Management Section of the Library Administration and
Management Association, a division of the American Library Association, Annual Meeting, Chicago,
June 24, 1990.

Professional Involvement: (summary of recent emphasis)

The focus for my professional involvement and research has moved recently toward managing massive
data-sets. This has resulted in working with faculty in the sciences and technology to determine how
librarians can collaborate in managing, curating, and preserving data-sets for future access and
documentation. This has included various speaking opportunities as well as participation in planning
with the National Science Foundation (NSF) on ways in which librarians can be integrated more
completely into the funded research process. Participation in the Kanazawa Institute of
Technology/Council of Library Resources Roundtable was particularly rewarding and provided new

opportunities to share with international colleagues the issues surrounding data-set management. | was
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the champion for the creation of the Distributed Data Curation Center (D2C2) at Purdue University
(http://d2c2.lib.purdue.edu/)

Throughout my career, beginning with my dissertation, | have been actively involved with assessing and
evaluating libraries. In the fall of 1999, | contacted twenty-two academic library directors to determine
whether the need was also felt by others. The response was overwhelmingly affirmative. This resulted in
a meeting at ALA Midwinter, January 2000. A formal meeting followed at Villanova University in April
2000. As convener, | helped to form the University Libraries Group (ULG), modeled after the Oberlin
Group for college libraries. The ULG is made up of university libraries that support diverse wide-
ranging programs through doctoral level and have a level of support that places them in the top tier of
academic institutions. A few of the member libraries, along with Villanova, are William and Mary,
Wake Forest, Lehigh, Carnegie-Mellon, Tufts, Marquette, Miami of Ohio, and Southern Methodist.

In 1994 appointed to the Standards Committee, College Section, Association of College and Research
Libraries. During the next six years, the Committee concentrated on changing the focus of the standards
from quantitative analysis of input and output factors to emphasis on assessment of the outcome.
Culmination of the work was a re-issue of the Standards for College Libraries in 2000. The knowledge
gained through my work experience enabled me to formulate the changes needed in the standards. This
work allowed for close collaboration with accrediting agencies, both professional and regional.

During this same time another focus emerged, the impact of digital resources. Through my work on the
JSTOR Statistics Task Force, standards were developed on the collection of use of electronic databases.
This Standard was later adopted in 1998 by the International Consortium of Library Consortia (ICOLC).
In 2002, the American Library Association appointed me to serve as the liaison to the Marketing and
Management Section of the International Federation of Library Associations (IFLA).

Professional Service: (representative list)

Nominations Committee, Association of Research Libraries (ARL), 2016.

Steering Committee, Scholarly Publishing and Academic Resources Coalition (SPARC), 2016 — 2017.
“Excellence in Library Services,” Chair, Review Team, University of Hong Kong, Hong Kong, August
24-27, 2015.

Chair, Management Advisory Board, 2015-2017; Member, Scientific Advisory Board, arXiv, Cornell
University, 1/1/2013 — present.

Advisory Board for the Wayne State University School of Library and Information Science, July 2012 —
present.
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Advisory Board for Microsoft Academic Search, 2012 — 2015. Redmond, WA.

Transforming Research Libraries, a Strategic Direction Steering Committee of the Association of
Research Libraries (ARL), 2012-2015.

Science and Technology section, representing ARL, International Federation of Library Associations
(IFLA), Chair, 2013 — 2017; Member, 2011 to present.

Member of University of Pretoria, South Africa, Library Review Committee. August 2013.

Co-chair, Local Arrangements Planning Committee for 2013 Conference, Association of College and
Research Libraries (ACRL), a division of the American Library Association (ALA).

Association of Research Libraries Leadership & Career Development Program Mentor, 2011-2017.
e-Science Task Force, Association of Research Libraries. July 2006 — present. Chair, October 2011 —
October 2012.

Board of Directors, International Association of Technological University Libraries (IATUL). January
2008 — December 2014.

Midwest Collaborative for Library Services (MCLS); Board Member, October 2010 — December 2012.
Chair, Library Directors, Committee on Institutional Cooperation (CIC), July 2010 — June 2012.
Board of Directors, Association of Research Libraries (ARL); October 2008 — October 2011.
Scholarly Communication Steering Committee, Association of Research Libraries (ARL)

2008-2011.

Editorial Board, College and Research Libraries, Association of College and Research Libraries,
American Library Association. January 2008 — December 2014.

Chair, Organizing Committee for IATUL Conference 2010, June 21-24, 2010, Purdue University, West
Lafayette, Indiana/Chicago, Illinois.

Conference Planning Committee for National Conference of the Association of College and Research
Libraries, 2009, Seattle, Washington.

Research Committee, Association of College and Research Libraries, ACRL, division of ALA. 2002-
2007, chair, 2005-2007.

Association of Research Libraries, Search and Screen Committee, Executive Director. March — January
2008.

Center for Research Libraries, Board of Directors. April 2006 — April 2012.

Academic Libraries of Indiana, Board of Directors, 2004 — present. Vice-president, 2005-2007.
President, 2007- 2009.
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ALA Representative to the International Federation of Library Associations (IFLA), Marketing and
Management (M&M) Section, initial term 2003-2007, re-appointed for second term, 2007-2011.
Invited to represent Research Libraries at the ACRL/3M Wonewok Retreat to assess Marketing of
Academic Libraries, October 2002.

Hugh A. Atkinson Award Committee, LAMA Representative, ALA, 2001-2005.

Program Committee, Library Administrators and Management Association (LAMA), a division of ALA.
1996-2001.

ACRL, Standards and Accreditation Committee, a division of ALA. Liaison to RBMS Section of
ACRL. 1997-2002.

Elected to the Executive Committee of LAMA, LOMS, a division of the American Library Association,
1998-2000. Nominated as Chair/Elect for 2003 — 2005.

Columbia University Press Advisory Committee. 1996 - 2000.

LITA/LAMA Conference Evaluation Committee, Pittsburgh, Pennsylvania, October 1996.

"New Learning Communities,” Coalition for Networked Information, Indianapolis. November 19-21,
1995. Facilitator for invitational, national conference committed to developing collaborative learning
and teaching techniques, involving librarians.

Planning Committee-Evaluation. LITA/LAMA 1996 Conference, Pittsburgh. This first conference, to be
held jointly between two divisions of ALA, will focus on new technologies within libraries.

Indiana Cooperative Library Services Authority (INCoLSA), elected to Executive Committee, April
1991, served as President in 1993-94. INCoLSA is a statewide network of academic, public, school, and
special libraries that supports library cooperation for cataloging, interlibrary loan, collection
development and application of new technologies.

Governor’s Conference on Libraries and Information Services. Served on Planning Committee,
Academic Libraries Representative, appointed by the Governor to represent academic libraries in
Indiana, Chair, Finance Committee, April 1989-July 1991.

Indiana Library Endowment Foundation Board, 1984-92. Charter Member, 1984, President, 1988-1992.
2004-2005.

University Service: (Summary)

Served on search and screen committees for senior positions including chancellor, dean, and directors;
most recently | have been asked to serve on the search committee for the provost of Purdue University.

At MIT service included the Library Council & appointment to the Administrative Council by President
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Vest, 2001-2003 & Member of the Faculty Committee on the Library System. At Purdue appointed by
the President to the Search Committee for the Provost, October 2007 to May 2008; member of the
Capital Projects Committee, and IT Operational Oversight Committee as senior academic dean, 2008-
2014.

Global Council, Global Policy Institute, 2012 — 2016.

Academic Program Excellence and Rankings (APER) project team, 2014,

Representative of the Academic Deans on the Re-engineering Business Operations, Purdue University,
2016 —

Academic Deans Council chaired by Provost — 2004 — 2017.

University Promotion and Tenure Committee — 2006 — 2017.

"Outstanding Team Award, Electronic Reserve Project,"” served as Chair, recognition awarded by the
President of Villanova University to one team who made an outstanding contribution to the operations
of the University, selected by a committee of administrators, faculty, and staff. Awarded September 9,
1999.

Nominated for the IUSB Lundquist Award, 1995 & 1996. The Lundquist award is given to faculty who
have "exhibited excellence in teaching, scholarly or artistic achievement, and diversified relevant

service..."
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Preface

The number of mobile subscribers has increased tremendously in recent years. Voice com-
munication has become mobile in a massive way and the mobile is the preferred way for voice
communication. At the same time the data usage has grown fast in those networks where
3GPP High Speed Packet Access (HSPA) was introduced indicating that the users find value
in broadband wireless data. The average data consumption exceeds hundreds of Megabytes per
subscriber per month. The end users expect data performance similar to the fixed lines. The
operators request high data capacity with low cost of data delivery. 3GPP Long Term Evolution
(LTE) is designed to meet those targets. This book presents 3GPP LTE standard in Release 8
and describes its expected performance.

The book is structured as follows. Chapter | presents an introduction. The standardization
background and process is described in Chapter 2. The system architecture evolution (SAE) is
presented in Chapter 3, and the basics of air interface modulation choices in Chapter 4. Chapter
5 describes 3GPP LTE physical layer solutions, and Chapter 6 protocol solutions. The mobility

Chapter 1 —
Chapter 3 — system introduction
architecture evolution P
(SAE) == N
‘, 7 Chapter 11 —
Chanter 6 — Chapter 8 — performance
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Xiv

aspectsare addressed in Chapter 7, and the radio resource management in Chapter 8. Theradio
and end-to-end performance is illustrated in Chapter 9. The voice performance is presented
in Chapter 10. Chapter 11 explains the 3GPP performance requirements. Chapter 12 presents
the main LTE Time Division Duplex (TDD). Chapter 13 describes HSPA evolution in 3GPP
Releases 7 and 8.

LTE can access a very large globa market — not only GSM/UMTS operators, but aso
CDMA operators and potentially also fixed network service providers. The potential market
can attract a large number of companies to the market place pushing the economies of scale
which enable wide scale LTE adoption with lower cost. This book is particularly designed
for chip set and mobile vendors, network vendors, network operators, application devel opers,
technology managers and regulators who would like to get a deeper understanding of LTE
technology and its capabilities.
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Introduction

Harri Holma and Antti Toskala

1.1 Mobile Voice Subscriber Growth

The number of mobile subscribers has increased tremendously during the last decade: the
first billion landmark was exceeded in 2002, the second billion in 2005, the third billion in
2007 and the fourth billion by the end of 2008. More than 1 million new subscribers per
day have been added globally, that is more than ten subscribers on average every second.
This growth is illustrated in Figure 1.1. Mobile phone penetration worldwide is approaching

8000 70%
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=4~ Penetration
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Figure 1.1  Growth of mobile subscribers

LTE for UMTS: OFDMA and SC-FDMA Based Radio Access Edited by Harri Holma and Antti Toskala
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-99401-6

IPR2022-00457
Apple EX1010 Page 146



2 LTE for UMTS — OFDMA and SC-FDMA Based Radio Access

60%:. Voice communication has become mobile in a massive way. The mobile is the preferred
method for voice communication, with mobile networks covering over 90% of the world’s
population. This voice growth has been fuelled by low cost mobile phones and efficient
network coverage and capacity, which is enabled by standardized solutions and by an open
ecosystem leading to the economies of scale. Mobile voice is not the privilege of the rich
but also brings value for users on low incomes — because of the benefits of being connected,
low income users spend a larger part of their income on mobile communications.

1.2 Mobile Data Usage Growth

The second generation mobile networks — like Global System for Mobile Communications (GSM)
— were originally designed for carrying voice traffic while the data capability was added later.
Data usage has increased but the traffic volume in second generation networks is clearly domi-
nated by voice traffic. The introduction of third generation networks with High Speed Downlink
Packet Access (HSDPA) has boosted data usage considerably. Example operator statistics for 12
months are shown in Figure 1.2 where the HSDPA downlink data volumes are several terabytes
per day, which correspond to beyond 1 Gbps busy hour network level throughput. Such fast data
growth shows that the end users find value in the wireless broadband access.

Data traffic volume has in many cases already exceeded voice traffic volume when voice
traffic is converted into terabytes by assuming a voice data rate of 12 kbps. A typical case is
illustrated in Figure 1.3. HSDPA data growth is advanced by high speed radio capability, flat
rate pricing schemes and simple device installation. In short, the introduction of HSDPA has
changed mobile networks from voice dominated to packet data dominated networks.

Data usage is advanced by a number of bandwidth hungry laptop applications including inter-
net and intranet access, file sharing, streaming services to distribute video content and mobile

8 TB/day

Figure 1.2 Growth of HSDPA data traffic

1 The actual user penetration can be different since some users have multiple subscriptions and some
subscriptions are shared by multiple users.
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Figure 1.3 HSDPA data volume exceeds voice volume

TV and interactive gaming. In addition, service bundles of video, data and voice — known also
as triple play — are entering the mobile market, also replacing the traditional fixed line voice
and broadband data services with mobile services both at home and in the office.

A typical voice subscriber uses 300 minutes per month, which is equal to approximately
30 megabyte of data with a voice data rate of 12.2kbps. A broadband data user can easily
consume more than 1000 megabyte (1 gigabyte) of data. Heavy broadband data usage takes
10-100x more capacity than voice usage, which sets high requirements for the capacity and
efficiency of network data.

It is expected that by 2015, 5 billion people will be connected to the internet. Broadband
internet connections will be available practically anywhere in the world. Already today, the exist-
ing wireline installations can reach approximately 1 billion households and the mobile networks
connect over 3 billion subscribers. These installations need to evolve into broadband internet
access. Further extensive use of wireless access as well as new wireline installations with enhanced
capabilities are required to offer true broadband connectivity to the 5 billion customers.

1.3 Wireline Technologies Evolution

Although wide area wireless networks have experienced a fast evolution of data rates, wireline
networks still provide the highest data rates. The evolution of the peak user data rate both in
wireless and wireline networks is illustrated in Figure 1.4. Interestingly, the shape of the evolu-
tion curve is similar in both domains with a relative difference of approximately 30 times. An
application of Moore’s law predicts that data rates double every 18 months. Currently, copper
based wireline solutions with Very High Data Rate Digital Subscriber Line (VDSL2) can offer
bit rates of tens of Mbps and the passive optical fibre based solution gives rates in excess of
100 Mbps. Both copper and fibre based solutions will have further data rate evolution in the
near future, increasing the data rate offerings to the Gbps range.

Wireless networks must make data rates higher in order to match the user experience pro-
vided by wireline networks. When customers are used to wireline performance, they expect
the wireless network to offer comparable performance. The applications designed for wireline
networks advance the evolution of the wireless data rates.

Wireless technologies, on the other hand, have the huge benefit of being capable of offer-
ing personal broadband access independently of user location — in other words, mobility, for
nomadic or full mobile use cases. A wireless solution can also provide low cost broadband
coverage compared to new wireline installations if there is no existing wireline infrastructure.
Therefore, wireless broadband access is an attractive option, especially in new growth markets
in urban areas as well as in rural areas in other markets.
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Figure 1.4 Evolution of wireless and wireline user data rates [Broadband Access for All - A Brief
Technology Guide, Nokia Siemens Networks white paper (2007)]. GPON = Gigabit Passive Optical
Network; VDSL = Very High Data Rate Subscriber Line; ADSL = Asymmetric Digital Subscriber Line

1.4 Motivation and Targets for LTE

The work towards 3rd Generation Partnership Project (3GPP) Long Term Evolution (LTE)
started in 2004 with the definition of the targets. Even though HSDPA was not yet deployed
at that time, it became evident that work for the next radio system should be started. It takes
more than 5 years from setting the system targets to commercial deployment using interoper-
able standards. Therefore, system standardization must be started early enough to be ready by
the time the need is there. A few driving forces can be identified advancing LTE development:
wireline capability evolution, the need for additional wireless capacity, the need for lower cost
wireless data delivery and the competition of other wireless technologies. As wireline tech-
nology keeps improving, a similar evolution is required in the wireless domain to make sure
that the applications also work fluently in the wireless domain. There are also other wireless
technologies — including IEEE 802.16 — which promise high data capabilities. 3GPP technolo-
gies must match and exceed the competition. More capacity is a clear requirement for taking
maximum advantage of the available spectrum and base station sites. These reasons are sum-
marized in Figure 1.5.

LTE must be able to deliver superior performance compared to existing 3GPP networks
based on High Speed Packet Access (HSPA) technology. The performance targets in 3GPP are
defined relative to HSPA in Release 6. The peak user throughput should be minimum 100 Mbps in
downlink and 50 Mbps in uplink, which is ten times more than HSPA Release 6. Also the latency
must be reduced in order to improve the end user performance. The terminal power consumption
must be minimized to enable more usage of the multimedia applications without recharging the
battery. The main performance targets are shown in Figure 1.6 and are listed below:

e spectral efficiency two to four times more than with HSPA Release 6;
e peak rates exceed 100 Mbps in downlink and 50 Mbps in uplink;
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Figure 1.5 Driving forces for LTE development
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Figure 1.6 Main LTE performance targets

e enables round trip time <10ms;

e packet switched optimized;

e high level of mobility and security;

e optimized terminal power efficiency;

e frequency flexibility with from below 1.5MHz up to 20 MHz allocations.

1.5 Overview of LTE

The multiple access scheme in LTE downlink uses Orthogonal Frequency Division Multiple
Access (OFDMA) and uplink uses Single Carrier Frequency Division Multiple Access
(SC-FDMA). These multiple access solutions provide orthogonality between the users, reducing
the interference and improving the network capacity. The resource allocation in the frequency
domain takes place with a resolution of 180kHz resource blocks both in uplink and in downlink.
The frequency dimension in the packet scheduling is one reason for the high LTE capacity.
The uplink user specific allocation is continuous to enable single carrier transmission while
the downlink can use resource blocks freely from different parts of the spectrum. The uplink
single carrier solution is also designed to allow efficient terminal power amplifier design, which
is relevant for the terminal battery life. The LTE solution enables spectrum flexibility where
the transmission bandwidth can be selected between 1.4 MHz and 20 MHz depending on the
available spectrum. The 20 MHz bandwidth can provide up to 150 Mbps downlink user data
rate with 2 x 2 MIMO, and 300 Mbps with 4 x 4 MIMO. The uplink peak data rate is 75 Mbps.
The multiple access schemes are illustrated in Figure 1.7.
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Figure 1.7 LTE multiple access schemes

The high network capacity also requires an efficient network architecture in addition to the
advanced radio features. The target in 3GPP Release 8 is to improve the network scalability for
traffic increase and to minimize the end-to-end latency by reducing the number of network ele-
ments. All radio protocols, mobility management, header compression and all packet retransmis-
sions are located in the base stations called eNodeB. eNodeB includes all those algorithms that
are located in Radio Network Controller (RNC) in 3GPP Release 6 architecture. Also the core
network is streamlined by separating the user and the control planes. The Mobility Management
Entity (MME) is just the control plane element while the user plane bypasses MME directly to
System Architecture Evolution (SAE) Gateway (GW). The architecture evolution is illustrated in
Figure 1.8. This Release 8 core network is also often referred to as Evolved Packet Core (EPC)
while for the whole system the term Evolved Packet System (EPS) can also be used.

Release 6 Release 8 LTE
swow
2 2 Core network functionality split

*  MME for control plane
¢ User plane by-pass MME

172}
Q
17}
Z

eNodeB functionalities

¢ All radio protocols
- l eNodeB *  Mobility management

¢ All retransmissions

*  Header compression

eseasa = Control plane
= User plane

Figure 1.8 LTE network architecture
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1.6 3GPP Family of Technologies

3GPP technologies — GSM/EDGE and Wideband Code Division Multiple Access (WCDMA)/
HSPA — are currently serving nearly 90% of the global mobile subscribers. The market share
development of 3GPP technologies is illustrated in Figure 1.9. A number of major Code Division
Multiple Access (CDMA) operators have already turned or are soon turning to GSM/WCDMA
for voice evolution and to HSPA/LTE for data evolution to get access to the benefits of the large
and open 3GPP ecosystem and economics of scale for low cost mobile devices. The number of
subscribers using 3GPP based technologies is currently more than 3.5 billion. The 3GPP LTE
will be built on this large base of 3GPP technologies.

The time schedule of 3GPP specifications and the commercial deployments is illustrated in
Figure 1.10. Enhanced Data rates for GSM Evolution (EDGE) was defined in 3GPP in 1997
and WCDMA at the end of 1999. Both systems had their first commercial deployments during

Global subscribers until end-2008
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Figure 1.9 Global market share of 3GPP and 3GPP2 technologies. EVDO, evolution data only

3GPP schedule

EDGE WCDMA HSDPA HSUPA HSPA+ LTE
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Figure 1.10  Schedule of 3GPP standard and their commercial deployments
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Figure 1.11 Peak data rate evolution of 3GPP technologies

2002. The HSDPA and High Speed Uplink Packet Access (HSUPA) standards were completed
in March 2002 and December 2004, and the commercial deployments followed in 2005 and
2007. The first phase of HSPA evolution, also called HSPA+, was completed in June 2007 and
the deployments start during 2009. The LTE standard was approved at the end of 2007, the
backwards compatibility is expected to start in March 2009 and commercial deployments are
expected in 2010.

The new generation of technologies pushes data rates higher. The evolution of the peak
user data rates is illustrated in Figure 1.11. The first WCDMA deployments in 2002 offered
384 kbps, current HSDPA networks 7.2-14.4 Mbps, HSPA evolution 21-42Mbps and LTE
2010 150 Mbps, that is a more than 300 times higher data rate over 8 years.

The 3GPP technologies are designed for smooth inter-working and coexistence. The LTE
will support bi-directional handovers between LTE and GSM and between LTE and UMTS.
GSM, UMTS and LTE can share a number of network elements including core network ele-
ments. It is also expected that some of the 3G network elements can be upgraded to support
LTE and there will be single network platforms supporting both HSPA and LTE. The subscriber
management and Subscriber Identity Module (SIM) based authentication will be used also in
LTE; however, in LTE the system access requires the more modern and more secure Universal
SIM (USIM) instead of the older 2G originated SIM card.

1.7 Wireless Spectrum

The LTE frequency bands in 3GPP specifications are shown in Figure 1.12 for paired bands
and in Figure 1.13 for unpaired bands. There are 17 paired bands and 8 unpaired bands defined
currently and more bands will be added during the standardization process. Some bands are cur-
rently used by other technologies and LTE can coexist with the legacy technologies. Similarly,
in Europe and in Asia, WCDMA wias initially deployed in the new 2100 MHz band while the
refarming to the existing 900 MHz started during 2007. LTE will likely start by using the new
2600 MHz band and refarming to 900 and 1800 MHz bands. In the best case in Europe there
is in total a 565 MHz spectrum available for the mobile operators when including 900 MHz,
1800 MHz, 2100 MHz Frequency Division Duplex (FDD) and Time Division Duplex (TDD)
bands and the new 2600 MHz allocation all together.
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OREEY e g, GHIK Opimi
[ Band1 |[ 2100 |[ 2x60MHz ][ 1920-1980 || 2110-2170 |
[ Band2 |[ 1900 |[ 2x60MHz ][ 1850-1910 || 1930-1990 |
[ Band3 |[ 1800 |[2x75MHz][ 1710-1785 || 1805-1880 |
| Band4 |[ 17002100 |[ 2x45 MHz || 1710-1755 |[ 2110-2155 |
[ Band5 |[ 850 |[2x25MHz][ 824849 |[ 869-894 |
[ Band6 |[ 800 |[2x10MHz][ 830840 || 875885 |
[ Band7 |[ 2600 |[2x70MHz || 2500-2570 || 2620-2690 |
[ Band8 |[ 900 |[2x35MHz][ 880915 |[ 925-960 |
| Band9 |[ 1700 ][ 2x35MHz || 1750-1785 |[ 1845-1880 |
[ Band 10 |[ 1700/2100 |[ 2x60 MHz |[ 1710-1770 || 2110-2170 |
[ Band11 |[ 1500 |[ 2x25 MHz |[1427.9-1452.9 [1475.9-1500.9
[ Band12 |[ US700 |[2x18MHz || 698716 |[ 728-746 |
[ Band13 |[ Us700 |[2x10MHz ][ 777-787 |[ 746-756 |
[ Band14 |[ Us700 |[2x10MHz|[ 788-798 |[ 758768 |
[ Band17 |[ Us700 |[2x10MHz ][ 704716 || 734-746 |
[ Band 18 |[ Japang00 |[ 2x30MHz ][ 815830 || 860-875 |
[ Band 19 |[ Japan800 |[ 2x30MHz || 830-845 |[ 875-890 |

Figure 1.12  Frequency bands for paired bands in 3GPP specifications

Operating Total Uplink and
band 3GPPname  gpectrym  downlink [MHz]

| Band 33 ||[UMTS TDDI|| 1x20 MHz || 1900-1920 |
[ Band 34 |[UMTS TDD2|| 1x15 MHz |[ 2010-2025 |
| Band 35 ]| US1900 UL || 1x60 MHz || 1850-1910 |
| Band 36 ]| US1900 DL || 1x60 MHz || 1930-1990 |
[ Band 37 || US1900 || 1x20 MHz || 1910-1930 |

[ Band38 || 2600 || 1x50 MHz || 2570-2620 |
| Band 39 |[UMTS TDD]|| 1x40 MHz || 1880-1920 |
[ Band40 || 2300 || 1x50 MHz || 2300-2400 |

Figure 1.13  Frequency bands for unpaired bands in 3GPP specifications

In the USA the WCDMA networks have been refarmed to 850 and 1900 MHz. The new
frequencies at 1700/2100 are also used for 3G deployment. LTE will be deployed using 700
and 1700/2100 bands, and later refarmed to the existing bands.

In Japan the LTE deployments start using the 2100 band followed later by 800, 1500 and
1700 bands.

Flexible bandwidth is desirable to take advantage of the diverse spectrum assets: refarming
typically requires a narrowband option below 5 MHz, while the new spectrum allocations could
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take benefit of a wideband option up to 20 MHz and higher data rates. It is also evident that
both FDD and TDD modes are required to take full benefit of the available paired and unpaired
spectrum. These requirements are taken into account in the LTE system specification.

1.8 New Spectrum Identified by WRC-07

The ITU-R World Radiocommunication Conference (WRC-07) worked in October and
November 2007 to identify the new spectrum for International Mobile Telecommunications
(IMT). The following bands were identified for IMT and are illustrated in Figure 1.14. The
target was to identify both low bands for coverage and high bands for capacity.

The main additional coverage band will be in UHF frequencies 470-806/862 MHz that are
currently used for terrestrial TV broadcasting. The sub-band 790-862 MHz was identified in
Europe and Asia-Pacific. The availability of the band depends on the national time schedules
of the analogue to digital TV switchover and it can become widely available within the 2012
to 2015 timeframe. The band allows, for example, three operators each running 10MHz LTE
FDD.

The sub-band 698-806 MHz was identified for IMT in the Americas. In the USA, part of
the band has already been auctioned.

The main capacity band will be in 3.4—4.2 GHz (C-band). Total 200 MHz in the sub-band
3.4-3.8 GHz was identified for IMT in Europe and in Asia-Pacific. This spectrum can facilitate
the deployment of a larger bandwidth of IMT-Advanced to provide the highest bit rates and
capacities.

Additionally, the band 2.3-2.4 GHz was identified for IMT, but this band is not expected to
be available in Europe or in the Americas. This band was already identified for IMT-2000 in
China at the WRC-2000. The sub-band 450-470 MHz was identified for IMT globally, but it is
not expected to be widely available in Europe. This spectrum will be narrow with a maximum
2 x 5 MHz deployment.

450-470

698 806790-862
L L N . I L L ‘ , . ,  Coverage bands

100 200 300 400 500 600 700 800 900 1000

2300-2400

¥ } - t ¥ } y t ¥ ¥
2100 2200 2300 2400 2500 2600 2700 2800 2900 3000
3400-3800

Capacity bands

3100 3200 3300 3400 3500 3600 3700 3800 3900 4000

Figure 1.14 Main new frequencies identified for IMT in WRC-07
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1.9 LTE-Advanced

International Mobile Telecommunications- Advanced (IMT-Advanced) is a concept for mobile
systems with capabilities beyond IMT-2000. IMT-Advanced was previously known as Systems
beyond IMT-2000. During 2009, there will be an open call for candidates for IMT-Advanced
to be submitted to ITU, as well as the start of assessment activities of candidate technologies
and systems. The radio interface submission deadline is expected by October 2009 and the
final specifications by 2011.

The new capabilities of these IMT-Advanced systems are envisaged to handle a wide range
of supported data rates according to economic and service demands in multi-user environ-
ments with target peak data rates of up to approximately 100 Mbps for high mobility and up
to 1 Gbps for low mobility such as nomadic/local wireless access. 3GPP has started to work
towards IMT-Advanced targets also for the local area radio under the name LTE-Advanced.
LTE-Advanced is planned to be part of 3GPP Release 10 and the commercial deployment of
IMT-Advanced will be 2013 or later. The high level evolution of 3GPP technologies to meet
IMT requirements is shown in Figure 1.15.

Mobility
High 5
i
2000 IMI :
-2000 IMT-
evolution Adva_‘nced
EY
Y LTE-
Low | WCDMA HSPA LTE % 4dvanced
1 10 100 1000 Peak data

rate [Mbps]

Figure 1.15  Bit rate and mobility evolution to IMT-Advanced
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2

LTE Standardization

Antti Toskala

2.1 Introduction

Long Term Evolution (LTE) standardization isbeing carried out inthe 3rd Generation Partnership
Project (3GPP), aswas also the case for Wideband CDMA (WCDMA), and the later phase of
GSM evolution. This chapter introduces first the 3GPP LTE release schedule and the 3GPP
standardization process. The requirements set for LTE by the 3GPP community are then
reviewed, and the steps foreseen for later LTE Releases, including the LTE-Advanced work
for the IMT-Advanced process, are covered. This chapter concludes with the introduction of
LTE specifications and 3GPP structure.

2.2 Overview of 3GPP Releases and Process

The 3GPP hasabackground of 10 yearsfor WCDMA devel opment (or Universal Terrestrial Radio
Access, UTRA) since the start of 3GPP in 1998. The major 3GPP releases are shown in Figure
2.1 starting from the first WCDMA release, Release 99, and covering the rel eases that followed.
In Figure 2.1 the releases are shown with the date when the release content was finalized, not

Release 99 Release 4 L\;IeaseS Release 6 !

Release 7 Release 8 Release 9 (est)

STANDARDS

Figure 2.1 3GPP releases schedule with estimated Release 9 closure

LTE for UMTS OFDMA and SC-FDMA Based Radio Access Edited by Harri Holmaand Antti Toskala
© 2009 John Wiley & Sons, Ltd. 1SBN: 978-0-470-99401-6
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the actual protocol freezing date (backwards competibility start). The first WCDMA release —
Release 99 —was published in December 1999 and contained the basic WCDMA features with
theoretical dataratesup to 2Mbps, based on the different multiple accessfor Frequency Division
Duplex (FDD) mode and Time Division Duplex (TDD) operation. After that, 3GPP abandoned the
yearly release principle and thus rel ease naming was al so changed as from Release 4, completed
in March 2001. Release 4 did not have many major WCDMA features, but contained the new
low chiprate TDD version (TD-SCDMA) for the TDD mode of UTRA. Release 5 followed with
High Speed Downlink Packet Access (HSDPA) in March 2002 and Release 6 with High Speed
Uplink Packet Access (HSUPA) in December 2004 for WCDMA.. Release 7 was completed in
June 2007 with the introduction of several HSDPA and HSUPA enhancements. Now 3GPP has
just finalized Release 8 (with afew issues pending, for March 2009), which brought along further
HSDPA/HSUPA improvements (often referred to jointly as High Speed Packet Access (HSPA)
evolution) as well as containing the first LTE Release. The feature content for Release 8 was
completed in December 2008. A more detail ed description of the WCDMA/HSPA release content
can befound in Chapter 13 covering Release 8 and in [1] for the earlier releases.

The earlier 3GPP Releases have a relationship to LTE in Release 8. Several of the novel
features adopted — especially with HSDPA and HSUPA — are also used in LTE, such as base
station based scheduling with physical layer feedback, physical layer retransmissions and link
adaptation. Also, LTE specifications reuse the WCDMA design in areas whereit could be car-
ried out without compromising performance, thusfacilitating reuse of the design and platforms
developed for WCDMA. Thefirst LTE release, Release 8, supports data rates up to 300Mbps
in downlink and up to 75Mbpsin uplink with low latency and flat radio architecture. Release
8 aso facilitates radio level inter-working with GSM, WCDMA and cdma2000°.

3GPPisintroducing new work items and study itemsfor Release 9, some of them related to
features postponed from Release 8 and some of them for new topics raised for Release 9 with
the topics introduced in December 2009. Release 9 is scheduled to be completed around the
end of 2009. Release 10 isthen foreseen to contain further radio capability enhancement in the
form of LTE-Advanced, intended to be submitted to ITU-R IMT-Advanced process with data
rate capabilities foreseen to range up to 1Gbps. First Release 10 specifications are expected
to beready at the end of 2010.

The 3GPP processis such that more topics are started than eventually end up in the specifi-
cations. Often astudy isinitially carried out for more complicated issues, as was the case with
LTE. Typically during a study, more alternatives are looked at than the small set of features
that eventually enter a specification. Sometimesastudy is completed with thefinding that there
is not enough gain to justify the added complexity in the system. A change requested in the
work item phase could also be rejected for this same reason. The 3GPP process starting from
astudy item is shown in Figure 2.2.

2.3 LTE Targets

At the start of the work during the first half 2005, the 3GPP defined the requirementsfor LTE
development. The key elementsincluded in thetarget setting for the LTE feasibility study work,
asdefined in [2], were as follows:

e The LTE system should be packet switched domain optimized. This means that circuit
switched elements are not really considered, but everything is assumed to be based on a
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Figure 2.2. 3GPP process for moving from study towards work item and specification creation

packet type of operation. The system was required to support 1P Multimedia Sub-system
(IMS) and further evolved 3GPP packet core.

e Asthedataratesincrease, latency needsto comedown for the dataratesto show any practical
improvement. Thus the requirement for the LTE radio round trip time was set to be below
10ms and access delay below 300ms.

e The requirements for the data rates were defined to ensure sufficient stepsin terms of data
rates in contrast to HSPA.. The peak rate requirements for uplink and downlink were set at
50Mbps and 100 M bps respectively.

e As the 3GPP community was used to a good level of security and mobility with the ear-
lier systems — starting from GSM — it was al so a natural requirement that these should be
sustained. This aso included inter-system mobility with GSM and WCMA, as well as
cdma2000®, sincetherewas (and is) amajor interest in the cdma2000® community to evolve
to LTE for next generation networks.

e With WCDMA, one of the topics that had caused challenges — especialy in the begin-
ning — was terminal power consumption, thus it was required to improve terminal power
efficiency.

e |nthe 3GPP technology family there were both a narrowband system (GSM with 200kHz)
and awideband system (WCDMA with 5MHZz). Thusit was now required that the new system
facilitate frequency alocation flexibility with 1.25/2.5, 5, 10, 15 and 20MHz alocations.
Later during the course of work, the actual bandwidth values were slightly adjusted for the
two smallest bandwidths (to use 1.4 and 3MHz bandwidths) to give agood match for both
GSM and cdma2000® refarming cases. The possihility of using LTE in a deployment with
WCDMA or GSM as the system on the adjacent band was al so required.

e The'standard’ requirement for any new systemisalso to have higher capacity. The benchmark
level chosen was 3GPP Release 6, which had a stabl e specification and aknown performance
at thetime. Thus Release 6 was a stable comparison level for running the LTE performance
simulations during the feasibility study phase. Depending on the case, 2- to 4-times higher
capacity than provided with the Release 6 HSDPA/HSUPA reference case, was required.

e Oneof thedriversfor thework was cost, to ensurethat the new system could facilitate lower
investment and operating costs compared to the earlier system. Thiswas a natural result of
the flat rate charging model appearing at the time for data use and created pressure for the
price vs data volume level.

IPR2022-00457
Apple EX1010 Page 159



16 LTE for UMTS— OFDMA and SC-FDMA Based Radio Access

It was al so expected that further development of WCDMA would continuein parallel with
the LTE activity, and this has been aso carried out with the Release 8 HSPA improvements,
as covered in Chapter 13.

2.4 LTE Standardization Phases

LTE work was started as a study in the 3GPP, with the first workshop held in November 2004
in Canada. In the workshop the first presentations were on both the expected requirements for
the work and the expected technologies to be adopted. Contributions were made from both
operator and vendor viewpoints.

Following the workshop, 3GPP TSG RAN approved the start of the study for LTE in
December 2004, with the work first running in the RAN plenary level to define the require-
ments and then moving to the working groups for detailed technical discussions for multiple
access, protocol solutions and architecture. The first key issues to be resolved were what the
requirements are, as discussed in section 2.3, and these were mainly settled during thefirst half
of 2005, visiblein [2], with the first approved version in June 2005. Then the work focused on
solving two key questions:

e What should be the LTE radio technology in terms of multiple access?
e What should be the system architecture?

The multiple access discussion was soon concluded with the finding that something new
was needed instead of just extending WCDMA. This conclusion was the result of the large
range of requirements for covering different bandwidths and data rates with reasonable
complexity. The use of Orthogonal Frequency Division Multiple Access (OFDMA) in the
downlink was obvious early on, and had already been reflected in many of the presentations
in the original LTE workshop in 2004. For the uplink multiple access, the Single Carrier
Frequency Division Multiple Access (SC-FDMA) soon emerged as the most favourable
choicethat was supported by many key vendors and operators, as could be seen, for example,
in [3]. A noticeable improvement from the WCDMA was that both FDD and TDD modes
had the same multiple access solution, as addressed for the FDD and TDD differences in
Chapter 12. The OFDMA and SC-FDMA principles and motivational aspects are further
covered in Chapter 4. The multiple access decision was officially endorsed at the end of
2005 and after that the LTE radio work focused on the chosen technologies. The LTE
milestones are shown in Figure 2.3. The FDD/TDD alignment refers to the agreement on
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the adjustment of the frame structure to minimize the differences between FDD and TDD
modes of operation.

Intheareaof LTE architecture, after some debateit wasdecided to aim for asinglenode RAN,
resultinginall radio related functionality being placed in the base station. Thistimethe term used
in 3GPP became eNodeB, with ‘€ standing for evolved. The original architecture split, as shown
inFigure 2.4, wasendorsed in March 2006 with adlight adjustment carried out in early 2007 (with
the Packet Data Convergence Protocol (PDCP) shifted from core network side to eNodeB). The
fundamental difference to the WCDMA network was the lack of the Radio Network Controller
(RNC) type of an element. The architecture is further described in Chapter 3.

The study also evaluated the resulting LTE capacity, and the studies reported in [4] and
further refined studies summarized in [5] show that the requirements could be reached.

The study item was closed formally in September 2006 and detailed work items started to
make the LTE part of the 3GPP Release 8 specifications.

The LTE specification work produced thefirst set of approved physical layer specificationsin
September 2007 and thefirst full set of approved LTE specificationsin December 2007. Clearly
therewere openissuesin the specifications at that time, especially in the protocol specifications
and in the area of performance requirements. The remaining specification freezing process
could be divided into three different steps:

1  Freezing thefunctional content of the LTE specificationsin terms of what will befinalized
in Release 8. Thishas meant |eaving out some of the originally planned functionality such
assupport for broadcast use (point to multi point databroadcasting). Functional freezethus
means that no new functionality can be introduced anymore but the agreed content will
be finalized. In LTE the introduction of new functionality was basically over after June
2008 and during the rest of 2008 the work focused on compl eting the missing pieces (and
correcting detected errors), especialy in the protocol specifications, mainly completed
for December 2008.

Shifted

SAE Gateways

e

eNodeB S1._MME

RRC

\ RLC \

\ MAC \

‘ Physical Layer ‘

Figure 2.4  Original network architecture for LTE radio protocols
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2 Onceall the content isready, the next step isto freeze the protocol specificationsin terms
of starting backwards compatibility. Backwards compatibility defines for a protocol the
first version which can be the commercial implementation baseline. Until backwards
compatibility is started, the protocol specificationsare corrected by deleting any informa-
tion elements that are not working as intended and replacing them with new ones. Once
the start of backwards compatibility isreached, older information elements are no longer
removed but extensions are used. This allows the equipment based on the older version
to work based on the old information elements (though not necessarily 100% optimally),
while equipment with newer software can read the improved/corrected information ele-
ment after noticing the extension bit being set. Obvioudly, core functionality needs to
work properly so that the start of backwards compatibility makes sense, asif somethingis
totally wrong, fixing it with backwards compatibl e correction does not hel p ol der software
versionsif thereisno operational functionality. It is planned to reach this step with 3GPP
Release 8 protocol specifications in March 2009 when the protocol language, Abstract
Syntax Notation One (ASN.1), related review for debugging all the errorsis completed.
With Release 7 specifications (containing HSPA improvements) this phase was reached
in December 2007 following the content completion in June 2007.

3 Thelast phaseis ‘deep’ freeze of the specifications, when any changes to the specifica-
tionswill no longer be allowed. Thisis something that isvalid for areleasethat is already
rolled out in the field, such as Release 5 with HSDPA and Release 6 with HSUPA. With
the devices out in the field, core functionality has been proven and tested and there is
no point in any further changes to those releases, but potential improvement would need
to be carried out in a later release. This kind of problem may arise when some feature
has not been implemented (and thus no testing with the network has been possible) and
the problem is only detected later. Then the resulting outcome could be to correct it in
alater release and a so recommend that the network activates it only for devices which
are based on this later release. For LTE specifications, this phase is expected to be just
before the actual roll-out, in a 2010 time frame, as typically some errors are detected in
the implementation and trialling phase.

2.5 Evolution Beyond Release 8

Thework in 3GPP during 2008 focused on Release 8 finalization, but work was started for issues
beyond Release 8, including thefirst Release 9 topicsaswell asLTE-Advanced for IMT-Advanced.
The following topics have been decided in 3GPP to be considered beyond Release 8:

e LTE MBMS, which is expected to cover the operation of broadcast type data both for a
dedicated MBMS carrier and for ashared carrier. When synchronized properly, an OFDMA
based broadcast signal can be sent in the same resource space from different base stations
(with identical content) and then the signal from multiple base stations can be combined in
the devices. Thisprincipleisalready in usein, for example, Digital Video Broadcasting for
Handhelds (DVB-H) devices in the market. DVB-H is also an OFDMA based system but
only intended for broadcast use.

o Self Optimized Networks (SON) enhancements. 3GPP hasworked on the self optimization/
configuration aspects of LTE and that work is expected to continue in Release 9.

e Further improvements for enhanced Vol P support in LTE. In the discussions in 3GPP, it
has been identified that Vol P could be further optimized to improve the maximum number
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of VoIP users that could be supported simultaneously. The current capability israther high
aready, as shown in Chapter 10.

e Therequirementsfor the multi-bandwidth and multi-radio access technology base stations.
The scope of this work is to define the requirements for the operation so that the same
Radio Frequency (RF) part is used for transmitting, for example, LTE and GSM or LTE and
WCDMA signals. Currently the requirementsfor the emissions on the adjacent frequencies,
for example, take only a single Radio Access Technology (RAT) into account, while the
requirementswill now be devel oped for different combinations, including running multiple
LTE bandwidthsin parallel in addition to the multi-RAT case.

2.6 LTE-Advanced for IMT-Advanced

In parallel to the work for LTE corrections and further optimization in Release 9, the 3GPP is
also targeting the creation of the input for the IMT-Advanced process in ITU-R. The ITU-R
is developing the framework for next generation wireless networks. The following are the
requirements from the ITU-R side for the IMT-Advanced candidate technologies, as reflected
in detailsin the information available from ITU-R, accessible viathe links given in [6]:

e support for peak datarates up to 1 Gbpsfor nomadic (low mobility case) and 100 Mbps for
the high mobility case;

e support for larger bandwidths, and thus also 3GPPis considering specifying up to 100MHz
bandwidth support for LTE-Advanced;

e requirementsfor the expected spectra efficiency in different environments. In ITU-R require-
ments these are defined as minimum requirements and are thus different from the target type
of value setting in 3GPP.

3GPPthusalso hasitsown requirements, with thefirst version of the requirements approved
in May 2008 as reflected in [7]. One of the 3GPP specific requirements is the backwards
compatibility from the 3GPP Release 8 LTE. The requirement is defined so that a Release 8
based LTE device can operate in the LTE-Advanced system and, respectively, the Release 10
LTE Advanced device can access the Release 8 LTE networks. Obviously a Release 9 terminal
would also be similarly accommodated. This could be covered, for example, with the multicar-
rier type of aternative as shown in Figure 2.5. The mobility between LTE-Advanced needs to
work with LTE aswell as GSM/EDGE, HSPA and cdma2000°®.

The ITU-R process, as shown in Figure 2.6, aims for early 2011 completion of the ITU-R
specifications, which requires 3GPP to submit thefirst full set of specifications around the end
of 2010. Thisisone of thefactors shaping the Rel ease 10 finalization schedul e, though officially
the Release 10 schedule has not yet been defined in 3GPP, but will be discussed further once
Release 9 work has progressed further.

3GPP has held a number of discussions on LTE-Advanced during 2008, and the technolo-
giesto be investigated include:

e Relay nodes. These are targeted for extending coverage by allowing User Equipment (UE)
further away from the base station to send their dataviarelay nodesthat can hear the eNodeB
better than, for example, UE located indoors.
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e UEdual transmit antennasolutionsfor uplink Single User MIMO (SU-MIMO) and diversity
MIMO.

e Scalable system bandwidth exceeding 20MHz, potentialy up to 100MHz. In connection

with thisthe study has been investigating aspects rel ated to multiple access technology with

up to 100MHz system bandwidth, and it is foreseen to be based strongly on the existing

LTE solutionswith extensionsto larger bandwidths. How to extend the bandwidth (and how

that is reflected in the multiple access) is the first topic where conclusions are expected in

LTE-Advanced studies.

Nomadic/Local Area network and mobility solutions.

Flexible Spectrum Usage.

Automatic and autonomous network configuration and operation.

Coordinated M ultiple Point (CoM P) transmission and reception, whichisreferringto MIMO

transmission coordinated between different transmitters (in different sectorsor even different

sitesin an extreme case).

Itisworth noting that even though some technology isbeing studied, it does not necessarily
mean that it will beincluded in the Release 10 specifications. It may be decided that someissues
are already needed for Release 9 (scheduled for the end of 2009), while other issues may not
be necessary at al dueto low gain and/or high complexity. The 3GPP study will be completed
in the second half of 2009 and then work towards the actual specifications of Release 10 will
start. Some of the items from the LTE-Advanced studies are also expected to be postponed to
beyond Release 10.
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The process in ITU-R is open for other RAT submissions as well. Similarly, as was the case
in the original IMT-2000 process, multiple RAT submissions are expected to be made available
for the evaluation phase. Assuming those submissions can meet the IMT-Advanced minimum
requirements, the RAT's submitted are then expected to be part of the IMT-Advanced family.

2.7 LTE Specifications and 3GPP Structure

The LTE specifications mostly follow similar notation to that of the WCDMA specifications, just
using the 36-series numbering. For example, when WCDMA RRC is 25.331, the corresponding
LTE spec is 36.331. The LTE specifications use the term Evolved Universal Terrestrial Radio
Access (E-UTRA) while the WCDMA specifications use the UTRA term (and UTRAN with
N standing for Network). The terms LTE and E-UTRAN, as well as WCDMA and UTRA,
are used interchangeably in the book. In the physical layer there are some differences, e.g. the
specification on spreading and modulation was not needed, such as WCDMA specification
25.213. Now due to use of the same multiple access, the FDD and TDD modes are covered in
the same physical layer specification series. In Figure 2.7 the specification numbers are shown
for the physical layer and different protocols over the radio or internal interfaces. Note that
not all the performance related specifications are shown. The following chapters will introduce
the functionality in each of the interfaces shown in Figure 2.7. All the specifications listed are
available from the 3GPP website [8]. When using a 3GPP specification it is always recom-
mended that the latest version of the release in question is used. For example, version 8.0.0 is
always the first approved version and versions with the number 8.4.0 (or higher) are normally
more stable with fewer errors.

Inside 3GPP, the 3GPP TSG RAN is responsible for LTE specification development. The
detailed specification work is covered in the Working Groups (WGs) under each TSG. TSG
RAN has a total of five working groups, as shown in Figure 2.8, where working groups under
other TSGs are not shown. The specifications for the Evolved Packet Core (EPC) are covered
in TSA SA and in TSG CT and are also needed for an end-to-end functioning system. The TSG
GERAN is responsible for the necessary Release 8 changes in GSM/EDGE specifications to
facilitate the LTE-GERAN inter-working from the GERAN perspective.

From the RAN working groups the physical layer specifications 36.2 series are developed
by WGI, as shown in Figure 2.8. Respectively, the Layer 2 (L2) and Layer 3 (L3) specifica-
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Figure 2.7. Specifications with responsible working groups for different LTE interfaces
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Figure 2.8 3GPP structure

tions are in the 36.3 series from WG2, internal interfaces in the 36.4 series from WG3, and
radio performance requirementsin the 36.1 series from WG4. Outside Figure 2.7 can be noted
the LTE terminal test specifications from WG5. All groups cover the respective areas also for
WCDMA/HSPA further releases as well.
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System Architecture Based on
3GPP SAE

Atte Lansisalmi and Antti Toskala

3.1 System Architecture Evolution in 3GPP

When the evolution of the radio interface started, it soon became clear that the system archi-
tecture would also need to be evolved. The general drive towards optimizing the system only
for packet switched services is one reason that alone would have set the need for evolution, but
some of the radio interface design goals — such as removal of soft handover — opened up new
opportunities in the architecture design. Also, since it had been shown by High Speed Packet
Access (HSPA) that all radio functionality can be efficiently co-located in the NodeB, the door
was left open for discussions of flatter overall architecture.

Discussions for System Architecture Evolution (SAE) then soon followed the radio interface
development, and it was agreed to schedule the completion of the work in Release 8. There had
been several reasons for starting this work, and there were also many targets. The following
lists some of the targets that possibly shaped the outcome the most:

e optimization for packet switched services in general, when there is no longer a need to sup-
port the circuit switched mode of operation;

optimized support for higher throughput required for higher end user bit rates;
improvement in the response times for activation and bearer set-up;

improvement in the packet delivery delays;

overall simplification of the system compared to the existing 3GPP and other cellular
systems;

optimized inter-working with other 3GPP access networks;

e optimized inter-working with other wireless access networks.

Many of the targets implied that a flat architecture would need to be developed. Flat archi-
tecture with less involved nodes reduces latencies and improves performance. Development
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towards this direction had already started in Release 7 where the Direct Tunnel concept allows
User Plane (UP) to bypass the SGSN, and the placement of RNC functions to HSPA NodeB
was made possible. Figure 3.1 shows these evolution steps and how this aspect was captured
at a high level in SAE architecture.

Some of the targets seem to drive the architecture development in completely different
directions. For example, optimized inter-working with several wireless access networks (ANs)
indicates the need to introduce a set of new functions and maybe even new interfaces to support
specific protocols separately for each one of them. This works against the target of keeping
the architecture simple. Therefore, since it is likely that that none of the actual deployments of
the architecture would need to support all of the potential inter-working scenarios, the 3GPP
architecture specifications were split into two tracks:

o GPRS enhancements for E-UTRAN access [1]: This document describes the architecture
and its functions in its native 3GPP environment with E-UTRAN and all the other 3GPP
ANs, and defines the inter-working procedures between them. The common nominator
for these ANs is the use of GTP (GPRS Tunnelling Protocol) as the network mobility
protocol.

e Architecture enhancements for non-3GPP accesses [2]: This document describes the archi-
tecture and functions when inter-working with non-3GPP ANs, such as cdma2000® High
Rate Packet Data (HRPD), is needed. The mobility functionality in this document is based
on [ETF protocols, such as MIP (Mobile Internet Protocol) and PMIP (Proxy MIP), and the
document also describes E-UTRAN in that protocol environment.

This chapter further describes the 3GPP system architecture in some likely deployment
scenarios: basic scenario with only E-UTRAN, legacy 3GPP operator scenario with existing
3GPP ANs and E-UTRAN, and finally E-UTRAN with non-3GPP ANs, where inter-working
with cdma2000® is shown as a specific example.
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3.2 Basic System Architecture Configuration with only E-UTRAN
Access Network

3.2.1 Overview of Basic System Architecture Configuration

Figure 3.2 describes the architecture and network elements in the architecture configuration
where only the E-UTRAN AN is involved. The logical nodes and connections shown in this
figure represent the basic system architecture configuration. These elements and functions are
needed in all cases when E-UTRAN is involved. The other system architecture configurations
described in the next sections also include some additional functions.

This figure also shows the division of the architecture into four main high level domains:
User Equipment (UE), Evolved UTRAN (E-UTRAN), Evolved Packet Core Network (EPC),
and the Services domain.

The high level architectural domains are functionally equivalent to those in the existing 3GPP
systems. The new architectural development is limited to Radio Access and Core Networks, the
E-UTRAN and the EPC respectively. UE and Services domains remain architecturally intact,
but functional evolution has also continued in those areas.
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Figure 3.2 System architecture for E-UTRAN only network
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UE, E-UTRAN and EPC together represent the Internet Protocol (IP) Connectivity Layer.
This part of the system is also called the Evolved Packet System (EPS). The main function
of this layer is to provide IP based connectivity, and it is highly optimized for that purpose
only. All services will be offered on top of IP, and circuit switched nodes and interfaces seen
in earlier 3GPP architectures are not present in E-UTRAN and EPC at all. IP technologies
are also dominant in the transport, where everything is designed to be operated on top of IP
transport.

The IP Multimedia Sub-System (IMS) [3] is a good example of service machinery that can
be used in the Services Connectivity Layer to provide services on top of the IP connectivity
provided by the lower layers. For example, to support the voice service, IMS can provide \Voice
over IP (MolIP) and interconnectivity to legacy circuit switched networks PSTN and ISDN
through Media Gateways it controls.

The development in E-UTRAN is concentrated on one node, the evolved Node B (eNodeB).
All radio functionality is collapsed there, i.e. the eNodeB is the termination point for all radio
related protocols. As a network, E-UTRAN is simply a mesh of eNodeBs connected to neigh-
bouring eNodeBs with the X2 interface.

One of the big architectural changes in the core network area is that the EPC does not contain
a circuit switched domain, and no direct connectivity to traditional circuit switched networks
such as ISDN or PSTN is needed in this layer. Functionally the EPC is equivalent to the packet
switched domain of the existing 3GPP networks. There are, however, significant changes in the
arrangement of functions and most nodes and the architecture in this part should be considered
to be completely new.

Both Figure 3.1 and Figure 3.2 show an element called SAE GW. As the latter figure
indicates, this represents the combination of the two gateways, Serving Gateway (S-GW) and
Packet Data Network Gateway (P-GW) defined for the UP handling in EPC. Implementing
them together as the SAE GW represents one possible deployment scenario, but the standards
define the interface between them, and all operations have also been specified for when they
are separate. The same approach is followed in this chapter of the book.

The Basic System Architecture Configuration and its functionality are documented in 3GPP
TS 23.401 [1]. This document shows the operation when the S5/S8 interface uses the GTP
protocol. However, when the S5/S8 interface uses PMIP, the functionality for these interfaces
is slightly different, and the Gxc interface also is needed between the Policy and Charging
Resource Function (PCRF) and S-GW. The appropriate places are clearly marked in [1] and the
additional functions are described in detail in 3GPP TS 23.402 [2]. In the following sections
the functions are described together for all cases that involve E-UTRAN.

3.2.2 Logical Elements in Basic System Architecture Configuration

This section introduces the logical network elements for the Basic System Architecture con-
figuration.

3.2.2.1 User Equipment (UE)

UE is the device that the end user uses for communication. Typically it is a hand held device
such as a smart phone or a data card such as those used currently in 2G and 3G, or it could be
embedded, e.g. to a laptop. UE also contains the Universal Subscriber Identity Module (USIM)
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that is a separate module from the rest of the UE, which is often called the Terminal Equipment
(TE). USIM is an application placed into a removable smart card called the Universal Integrated
Circuit Card (UICC). USIM is used to identify and authenticate the user and to derive security
keys for protecting the radio interface transmission.

Functionally the UE is a platform for communication applications, which signal with the
network for setting up, maintaining and removing the communication links the end user needs.
This includes mobility management functions such as handovers and reporting the terminals
location, and in these the UE performs as instructed by the network. Maybe most importantly,
the UE provides the user interface to the end user so that applications such as a VoIP client can
be used to set up a voice call.

3.2.2.2 E-UTRAN Node B (eNodeB)

The only node in the E-UTRAN is the E-UTRAN Node B (eNodeB). Simply put, the eNodeB
is a radio base station that is in control of all radio related functions in the fixed part of the
system. Base stations such as eNodeB are typically distributed throughout the networks cover-
age area, each eNodeB residing near the actual radio antennas.

Functionally eNodeB acts as a layer 2 bridge between UE and the EPC, by being the termina-
tion point of all the radio protocols towards the UE, and relaying data between the radio con-
nection and the corresponding IP based connectivity towards the EPC. In this role, the eNodeB
performs ciphering/deciphering of the UP data, and also IP header compression/decompression,
which means avoiding repeatedly sending the same or sequential data in IP header.

The eNodeB is also responsible for many Control Plane (CP) functions. The eNodeB is
responsible for the Radio Resource Management (RRM), i.e. controlling the usage of the radio
interface, which includes, for example, allocating resources based on requests, prioritizing and
scheduling traffic according to required Quality of Service (QoS), and constant monitoring of
the resource usage situation.

In addition, the eNodeB has an important role in Mobility Management (MM). The eNodeB
controls and analyses radio signal level measurements carried out by the UE, makes similar
measurements itself, and based on those makes decisions to handover UEs between cells. This
includes exchanging handover signalling between other eNodeBs and the MME. When a new UE
activates under eNodeB and requests connection to the network, the eNodeB is also responsible
for routing this request to the MME that previously served that UE, or selecting a new MME,
if a route to the previous MME is not available or routing information is absent.

Details of these and other E-UTRAN radio interface functions are described extensively
elsewhere in this book. The eNodeB has a central role in many of these functions.

Figure 3.3 shows the connections that eNodeB has to the surrounding logical nodes, and
summarizes the main functions in these interfaces. In all the connections the eNodeB may be
in a one-to-many or a many-to-many relationship. The eNodeB may be serving multiple UEs
at its coverage area, but each UE is connected to only one eNodeB at a time. The eNodeB will
need to be connected to those of its neighbouring eNodeBs with which a handover may need
to be made.

Both MMEs and S-GWs may be pooled, which means that a set of those nodes is assigned
to serve a particular set of eNodeBs. From a single eNodeB perspective this means that it may
need to connect to many MMEs and S-GWSs. However, each UE will be served by only one
MME and S-GW at a time, and the eNodeB has to keep track of this association. This associa-
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Figure 3.3 eNodeB connections to other logical nodes and main functions

tion will never change from a single eNodeB point of view, because MME or S-GW can only
change in association with inter-eNodeB handover.

3.2.2.3 Mobility Management Entity (MME)

Mobility Management Entity (MME) is the main control element in the EPC. Typically the
MME would be a server in a secure location in the operator’s premises. It operates only in the
CP, and is not involved in the path of UP data.

In addition to interfaces that terminate to MME in the architecture as shown in Figure 3.2,
the MME also has a logically direct CP connection to the UE, and this connection is used as
the primary control channel between the UE and the network. The following lists the main
MME functions in the basic System Architecture Configuration:

e Authentication and Security: When a UE registers to the network for the first time, the MME
initiates the authentication, by performing the following: it finds out the UE’s permanent
identity either from the previously visited network or the UE itself; requests from the Home
Subscription Server (HSS) in UE’s home network the authentication vectors which contain
the authentication challenge — response parameter pairs; sends the challenge to the UE; and
compares the response received from the UE to the one received from the home network.
This function is needed to assure that the UE is who it claims to be. The details of EPS-
AKA authentication are defined in [4]. The MME may repeat authentication when needed
or periodically. The MME will calculate UEs ciphering and integrity protection keys from
the master key received in the authentication vector from the home network, and it controls
the related settings in E-UTRAN for UP and CP separately. These functions are used to
protect the communication from eavesdropping and from alteration by unauthorized third
parties respectively. To protect the UE privacy, MME also allocates each UE a temporary
identity called the Globally Unique Temporary Identity (GUTI), so that the need to send
the permanent UE identity — International Mobile Subscriber Identity (IMSI) — over the
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radio interface is minimized. The GUTI may be re-allocated, e.g. periodically to prevent
unauthorized UE tracking.

e Mobility Management: The MME keeps track of the location of all UEs in its service area. When
a UE makes its first registration to the network, the MME will create an entry for the UE, and
signal the location to the HSS in the UE’s home network. The MME requests the appropriate
resources to be set up in the eNodeB, as well as in the S-GW which it selects for the UE. The
MME will then keep tracking the UE’s location either on the level of eNodeB, if the UE remains
connected, i.e. is in active communication, or at the level of Tracking Area (TA), which is a
group of eNodeBs in case the UE goes to idle mode, and maintaining a through connected data
path is not needed. The MME controls the setting up and releasing of resources based on the
UE’s activity mode changes. The MME also participates in control signalling for handover of
an active mode UE between eNodeBs, S-GWs or MMEs. MME is involved in every eNodeB
change, since there is no separate Radio Network Controller to hide most of these events. An
idle UE will report its location either periodically, or when it moves to another Tracking Area.
If data are received from the external networks for an idle UE, the MME will be notified, and
it requests the eNodeBs in the TA that is stored for the UE to page the UE.

e Managing Subscription Profile and Service Connectivity: At the time of a UE registering
to the network, the MME will be responsible for retrieving its subscription profile from the
home network. The MME will store this information for the duration it is serving the UE.
This profile determines what Packet Data Network connections should be allocated to the
UE at network attachment. The MME will automatically set up the default bearer, which
gives the UE the basic IP connectivity. This includes CP signalling with the eNodeB, and
the S-GW. At any point later on, the MME may need to be involved in setting up dedicated
bearers for services that benefit from higher treatment. The MME may receive the request
to set up a dedicated bearer either from the S-GW if the request originates from the operator
service domain, or directly from the UE, if the UE requires a connection for a service that
is not known by the operator service domain, and therefore cannot be initiated from there.

Figure 3.4 shows the connections MME has to the surrounding logical nodes, and sum-
marizes the main functions in these interfaces. In principle the MME may be connected to any
other MME in the system, but typically the connectivity is limited to one operator network
only. The remote connectivity between MMEs may be used when a UE that has travelled far
away while powered down registers to a new MME, which then retrieves the UE’s permanent
identity, the International Mobile Subscriber Identity (IMSI), from the previously visited MME.
The inter-MME connection with neighbouring MMEs is used in handovers.

Connectivity to a number of HSSs will also need to be supported. The HSS is located in each
user’s home network, and a route to that can be found based on the IMSI. Each MME will be
configured to control a set of S-GWs and eNodeBs. Both the S-GWs and eNodeBs may also
be connected to other MMEs. The MME may serve a number of UEs at the same time, while
each UE will only connect to one MME at a time.

3.2.2.4 Serving Gateway (S-GW)

In the Basic System Architecture configuration, the high level function of S-GW is UP tunnel
management and switching. The S-GW is part of the network infrastructure maintained cen-
trally in operation premises.
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Figure 3.4 MME connections to other logical nodes and main functions

When the S5/S8 interface is based on GTP, the S-GW will have GTP tunnels on all its UP
interfaces. Mapping between IP service flows and GTP tunnels is done in P-GW, and the S-GW
does not need to be connected to PCRFE. All control is related to the GTP tunnels, and comes
from either MME or P-GW. When the S5/S8 interface uses PMIP, the S-GW will perform the
mapping between IP service flows in S5/S8 and GTP tunnels in S1-U interfaces, and will con-
nect to PCRF to receive the mapping information.

The S-GW has a very minor role in control functions. It is only responsible for its own resources,
and it allocates them based on requests from MME, P-GW or PCRF, which in turn are acting on
the need to set up, modify or clear bearers for the UE. If the request was received from P-GW or
PCRE, the S-GW will also relay the command on to the MME so that it can control the tunnel to
eNodeB. Similarly, when the MME initiated the request, the S-GW will signal on to either the
P-GW or the PCRE, depending on whether S5/S8 is based on GTP or PMIP respectively. If the
S5/S8 interface is based on PMIP, the data in that interface will be IP flows in one GRE tunnel for
each UE, whereas in the GTP based S5/S8 interface each bearer will have its own GTP tunnel.
Therefore S-GW supporting PMIP S5/S8 is responsible for bearer binding, i.e. mapping the IP
flows in S5/S8 interface to bearers in the S1 interface. This function in S-GW is called Bearer
Binding and Event Reporting Function (BBERF). Irrespective of where the bearer signalling
started, the BBERF always receives the bearer binding information from PCRE

During mobility between eNodeBs, the S-GW acts as the local mobility anchor. The MME
commands the S-GW to switch the tunnel from one eNodeB to another. The MME may also
request the S-GW to provide tunnelling resources for data forwarding, when there is a need
to forward data from source eNodeB to target eNodeB during the time UE makes the radio
handover. The mobility scenarios also include changing from one S-GW to another, and the
MME controls this change accordingly, by removing tunnels in the old S-GW and setting them
up in a new S-GW.

For all data flows belonging to a UE in connected mode, the S-GW relays the data between
eNodeB and P-GW. However, when a UE is in idle mode, the resources in eNodeB are released,
and the data path terminates in the S-GW. If S-GW receives data packets from P-GW on any such
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Figure 3.5 S-GW connections to other logical nodes and main functions

tunnel, it will buffer the packets, and request the MME to initiate paging of the UE. Paging will
cause the UE to re-connect, and when the tunnels are re-connected, the buffered packets will be
sent on. The S-GW will monitor data in the tunnels, and may also collect data needed for account-
ing and user charging. The S-GW also includes functionality for Lawful Interception, which
means the capability to deliver the monitored user’s data to authorities for further inspection.

Figure 3.5 shows how the S-GW is connected to other logical nodes, and lists the main func-
tions in these interfaces. All interfaces have to be configured in a one-to-many fashion from
the S-GW point of view. One S-GW may be serving only a particular geographical area with
a limited set of eNodeBs, and likewise there may be a limited set of MMEs that control that
area. The S-GW should be able to connect to any P-GW in the whole network, because P-GW
will not change during mobility, while the S-GW may be relocated, when the UE moves. For
connections related to one UE, the S-GW will always signal with only one MME, and the UP
points to one eNodeB at a time (indirect data forwarding is the exception, see next paragraph).
If one UE is allowed to connect to multiple PDNs through different P-GWs, then the S-GW
needs to connect to those separately. If the S5/S8 interface is based on PMIP, the S-GW con-
nects to one PCRF for each separate P-GW the UE is using.

Figure 3.5 also shows the indirect data forwarding case where UP data is forwarded between
eNodeBs through the S-GWs. There is no specific interface name associated to the interface
between S-GWs, since the format is exactly the same as in the S1-U interface, and the involved
S-GWs may consider that they are communicating directly with an eNodeB. This would be
the case if indirect data forwarding takes place via only one S-GW, i.e. both eNodeBs can be
connected to the same S-GW.

3.2.2.5 Packet Data Network Gateway (P-GW)

Packet Data Network Gateway (P-GW, also often abbreviated as PDN-GW) is the edge router
between the EPS and external packet data networks. It is the highest level mobility anchor
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in the system, and usually it acts as the IP point of attachment for the UE. It performs traffic
gating and filtering functions as required by the service in question. Similarly to the S-GW, the
P-GWs are maintained in operator premises in a centralized location.

Typically the P-GW allocates the IP address to the UE, and the UE uses that to communicate
with other IP hosts in external networks, e.g. the internet. It is also possible that the external
PDN to which the UE is connected allocates the address that is to be used by the UE, and
the P-GW tunnels all traffic to that network. The IP address is always allocated when the UE
requests a PDN connection, which happens at least when the UE attaches to the network, and
it may happen subsequently when a new PDN connectivity is needed. The P-GW performs the
required Dynamic Host Configuration Protocol (DHCP) functionality, or queries an external
DHCP server, and delivers the address to the UE. Also dynamic auto-configuration is supported
by the standards. Only IPv4, only IPv6 or both addresses may be allocated depending on the
need, and the UE may signal whether it wants to receive the address(es) in the Attach signalling,
or if it wishes to perform address configuration after the link layer is connected.

The P-GW includes the PCEF, which means that it performs gating and filtering functions
as required by the policies set for the UE and the service in question, and it collects and reports
the related charging information.

The UP traffic between P-GW and external networks is in the form of IP packets that belong
to various IP service flows. If the S5/S8 interface towards S-GW is based on GTP, the P-GW
performs the mapping between the IP data flows to GTP tunnels, which represent the bearers.
The P-GW sets up bearers based on request either through the PCRF or from the S-GW, which
relays information from the MME. In the latter case, the P-GW may also need to interact with
the PCRF to receive the appropriate policy control information, if that is not configured in the
P-GW locally. If the S5/S8 interface is based on PMIP, the P-GW maps all the IP Service flows
from external networks that belong to one UE to a single GRE tunnel, and all control informa-
tion is exchanged with PCRF only. The P-GW also has functionality for monitoring the data
flow for accounting purposes, as well as for Lawful Interception.

P-GW is the highest level mobility anchor in the system. When a UE moves from one S-GW
to another, the bearers have to be switched in the P-GW. The P-GW will receive an indication
to switch the flows from the new S-GW.

Figure 3.6 shows the connections P-GW has to the surrounding logical nodes, and lists the
main functions in these interfaces. Each P-GW may be connected to one or more PCRF, S-GW
and external network. For a given UE that is associated with the P-GW, there is only one S-GW,
but connections to many external networks and respectively to many PCRFs may need to be
supported, if connectivity to multiple PDNs is supported through one P-GW.

3.2.2.6 Policy and Charging Resource Function (PCRF)

Policy and Charging Resource Function (PCRF) is the network element that is responsible for
Policy and Charging Control (PCC). It makes decisions on how to handle the services in terms
of QoS, and provides information to the PCEF located in the P-GW, and if applicable also to
the BBERF located in the S-GW, so that appropriate bearers and policing can be set up. PCRF
is part of the PCC framework defined in [5]. PCRF is a server usually located with other CN
elements in operator switching centres.

The information the PCRF provides to the PCEF is called the PCC rules. The PCRF will
send the PCC rules whenever a new bearer is to be set up. Bearer set-up is required, for exam-
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Figure 3.6 P-GW connections to other logical nodes and main functions

ple, when the UE initially attaches to the network and the default bearer will be set up, and
subsequently when one or more dedicated bearers are set up. The PCRF will be able to provide
PCC rules based on request either from the P-GW and also the S-GW in PMIP case, like in the
attach case, and also based on request from the Application Function (AF) that resides in the
Services Domain. In this scenario the UE has signalled directly with the Services Domain, e.g.
with the IMS, and the AF pushes the service QoS information to PCRF, which makes a PCC
decision, and pushes the PCC rules to the P-GW, and bearer mapping information to S-GW in
PMIP S5/S8 case. The EPC bearers are then set up based on those.

The connections between the PCRF and the other nodes are shown in Figure 3.7. Each PCRF
may be associated with one or more AF, P-GW and S-GW. There is only one PCRF associated
with each PDN connection that a single UE has.
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Figure 3.7 PCRF connections to other logical nodes and main functions
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3.2.2.7 Home Subscription Server (HSS)

Home Subscription Server (HSS) is the subscription data repository for all permanent user
data. It also records the location of the user in the level of visited network control node, such
as MME. It is a database server maintained centrally in the home operator’s premises.

The HSS stores the master copy of the subscriber profile, which contains information about
the services that are applicable to the user, including information about the allowed PDN con-
nections, and whether roaming to a particular visited network is allowed or not. For supporting
mobility between non-3GPP ANs, the HSS also stores the Identities of those P-GWs that are in
use. The permanent key, which is used to calculate the authentication vectors that are sent to a
visited network for user authentication and deriving subsequent keys for encryption and integrity
protection, is stored in the Authentication Center (AuC), which is typically part of the HSS. In all
signalling related to these functions, the HSS interacts with the MME. The HSS will need to be
able to connect with every MME in the whole network, where its UEs are allowed to move. For
each UE, the HSS records will point to one serving MME at a time, and as soon as a new MME
reports that it is serving the UE, the HSS will cancel the location from the previous MME.

3.2.2.8 Services Domain

The Services domain may include various sub-systems, which in turn may contain several logi-
cal nodes. The following is a categorization of the types of services that will be made available,
and a short description of what kind of infrastructure would be needed to provide them:

o IMS based operator services: The IP Multimedia Sub-system (IMS) is service machinery
that the operator may use to provide services using the Session Initiation Protocol (SIP).
IMS has 3GPP defined architecture of its own, and is described in section 3.6, and more
thoroughly, e.g. in [3].

e Non-IMS based operator services: The architecture for non-IMS based operator services
is not defined in the standards. The operator may simply place a server into their network,
and the UEs connect to that via some agreed protocol that is supported by an application in
the UE. A video streaming service provided from a streaming server is one such example.

e Other services not provided by the mobile network operator, e.g. services provided through
the internet: This architecture is not addressed by the 3GPP standards, and the architecture
depends on the service in question. The typical configuration would be that the UE connects
to a server in the internet, e.g. to a web-server for web browsing services, or to a SIP server
for internet telephony service (i.e. VoIP).

3.2.3 Self-configuration of S1-MME and X2 interfaces

In 3GPP Release 8 development it has been agreed to define the support for self-configuration
of the S1-MME and X2 interfaces. The basic process is as presented in Figure 3.8, where the
eNodeB once turned on (and given that the IP connection exists) will connect to the O&M (based
on the known IP address) to obtain then further parameters in terms of which other network
elements to connect (and also for eNodeB software download) as well as initial parameters
for the operation, such as in which part of the frequency band to operate and what kind of
parameters to include for the broadcast channels.
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Figure 3.8 eNodeB self-configuration steps

This is expected to include setting the SI-MME connection by first setting up the SCTP
association with at least one MME, and once that is connected to continue with application
level information exchange to make S1-MME interface operational. Once the link to MME
exists, there needs to be then association with S-GW created for UP data transfer.

To enable functionalities such as mobility and inter-cell interference control, the X2 inter-
face configuration follows similar principles to the S1-MME interface. The difference here is
that initially the eNodeB will set up the X2 connection for those eNodeBs indicated from the
O&M and it may then later adapt more to the environment based on the Automatic Neighbour
Relationship (ANR) functionality — as covered in Chapter 7 — to further optimize the X2 con-
nectivity domain based on actual handover needs. The parameters that are exchanged over the
X2 interface include:

e global eNodeB ID;

e information of the cell specific parameters such as Physical Cell ID (PCI), uplink/downlink
frequency used, bandwidth in use;

e MMEs connected (MME Pool).

For the PCI there is also support for auto-configuration in the Release 8 specifications as
covered in Chapter 5, other parameters then coming from the O&M direction with procedures
that can be automated to limit the need for on-site configuration by installation personnel.

3.2.4 Interfaces and Protocols in Basic System Architecture Configuration

Figure 3.9 shows the CP protocols related to a UE’s connection to a PDN. The interfaces from
a single MME are shown in two parts, the one on top showing protocols towards the E-UTRAN
and UE, and the bottom one showing protocols towards the gateways. Those protocols that are
shown in white background are developed by 3GPP, while the protocols with light grey back-
ground are developed in IETE, and represent standard internet technologies that are used for
transport in EPS. 3GPP has only defined the specific ways of how these protocols are used.
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Figure 3.9 Control plane protocol stack in EPS

The topmost layer in the CP is the Non-Access Stratum (NAS), which consists of two
separate protocols that are carried on direct signalling transport between the UE and the MME.
The content of the NAS layer protocols is not visible to the eNodeB, and the eNodeB is not
involved in these transactions by any other means, besides transporting the messages, and
providing some additional transport layer indications along with the messages in some cases.
The NAS layer protocols are:

e EPS Mobility Management (EMM): The EMM protocol is responsible for handling the UE
mobility within the system. It includes functions for attaching to and detaching from the net-
work, and performing location updating in between. This is called Tracking Area Updating
(TAU), and it happens in idle mode. Note that the handovers in connected mode are handled
by the lower layer protocols, but the EMM layer does include functions for re-activating the
UE from idle mode. The UE initiated case is called Service Request, while Paging represents
the network initiated case. Authentication and protecting the UE identity, i.e. allocating the
temporary identity GUTI to the UE are also part of the EMM layer, as well as the control of
NAS layer security functions, encryption and integrity protection.

e EPS Session Management (ESM): This protocol may be used to handle the bearer manage-
ment between the UE and MME, and it is used in addition for E-UTRAN bearer management
procedures. Note that the intention is not to use the ESM procedures if the bearer contexts
are already available in the network and E-UTRAN procedures can be run immediately. This
would be the case, for example, when the UE has already signalled with an operator affiliated
Application Function in the network, and the relevant information has been made available
through the PCRFE.
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The radio interface protocols are (only short descriptions are included here, since these
functions are described extensively in other sections of this book):

e Radio Resource Control (RRC): This protocol is in control of the radio resource usage. It
manages UE’s signalling and data connections, and includes functions for handover.

e Packet Data Convergence Protocol (PDCP): The main functions of PDCP are IP header
compression (UP), encryption and integrity protection (CP only).

e Radio Link Control (RLC): The RLC protocol is responsible for segmenting and concatena-
tion of the PDCP-PDUs for radio interface transmission. It also performs error correction
with the Automatic Repeat Request (ARQ) method.

e Medium Access Control (MAC): The MAC layer is responsible for scheduling the data
according to priorities, and multiplexing data to Layer 1 transport blocks. The MAC layer
also provides error correction with Hybrid ARQ.

e Physical Layer (PHY): This is the Layer 1 of LTE-Uu radio interface that takes care of
DS-CDMA Layer functions.

The S1 interface connects the E-UTRAN to the EPC, and involves the following protocols:

e S1 Application Protocol (S1AP): S1AP handles the UE’s CP and UP connections between
the E-UTRAN and EPC, including participating in the handover when EPC is involved.

e SCTP/IP signalling transport: The Stream Control Transmission Protocol (SCTP) and
Internet Protocol (IP) represent standard IP transport suitable for signalling messages. SCTP
provides the reliable transport and sequenced delivery functions. IP itself can be run on a
variety of data link and physical layer technologies (L2 and L1), which may be selected
based on availability.

In the EPC, there are two alternative protocols for the S5/S8 interface. The following pro-
tocols are involved, when GTP is used in S5/S8:

e GPRS Tunnelling Protocol, Control Plane (GTP-C): It manages the UP connections in the
EPC. This includes signalling the QoS and other parameters. If GTP is used in the S5/S8
interface it also manages the GTP-U tunnels. GTP-C also performs the mobility manage-
ment functions within the EPC, e.g. when the GTP-U tunnels of a UE need to be switched
from one node to the other.

e UDP/IP transport. The Unit Data Protocol (UDP) and IP are used as the standard and basic
IP transport. UDP is used instead of Transmission Control Protocol (TCP) because the
higher layers already provide reliable transport with error recovery and re-transmission. IP
packets in EPC may be transported on top of a variety of L2 and L1 technologies. Ethernet
and ATM are some examples.

The following protocols are used, when S5/S8 is based on PMIP:

e Proxy Mobile IP (PMIP): PMIP is the alternative protocol for the S5/S8 interface. It takes
care of mobility management, but does not include bearer management functions as such.
All traffic belonging to a UE’s connection to a particular PDN is handled together.

e |IP: PMIP runs directly on top of IP, and it is used as the standard IP transport.

Figure 3.10 illustrates the UP protocol structure for UE connecting to P-GW.
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The UP shown in Figure 3.10 includes the layers below the end user IP, i.e. these protocols
form the Layer 2 used for carrying the end user IP packets. The protocol structure is very similar
to the CP. This highlights the fact that the whole system is designed for generic packet data
transport, and both CP signalling and UP data are ultimately packet data. Only the volumes
are different. Most of the protocols have been introduced already above, with the exception of
the following two that follow the selection of protocol suite in S5/S8 interface:

e GPRS Tunnelling Protocol, User Plane (GTP-U): GTP-U is used when S5/S8 is GTP based.
GTP-U forms the GTP-U tunnel that is used to send End user IP packets belonging to one
EPS bearer. It is used in S1-U interface, and is used in S5/S8 if the CP uses GTP-C.

e Generic Routing Encapsulation (GRE): GRE is used in the S5/S8 interface in conjunction
with PMIP. GRE forms an IP in IP tunnel for transporting all data belonging to one UE’s
connection to a particular PDN. GRE is directly on top of IP, and UDP is not used.

Figure 3.11 illustrates the X2 interface protocol structure, which resembles that of the
S1 interface. Only the CP Application Protocol is different. X2 interface is used in mobility
between the eNodeBs, and the X2AP includes functions for handover preparation, and overall
maintenance of the relation between neighbouring eNodeBs. The UP in the X2 interface is used
for forwarding data in a transient state during handover, when the radio interface is already

Figure 3.11 Control and user plane protocol stacks for X2 interface
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Table 3.1 Summary of interfaces and protocols in Basic System
Acrchitecture configuration

Interface Protocols Specification
LTE-Uu CP: RRC/PDCP/RLC/MAC/PHY 36.300 [6]
UP: PDCP/RLC/MAC/PHY (stage 2)
X2 CP: X2AP/SCTP/IP 36.423[7]
UP: GTP-U/UDP/IP 29.274 [8]
S1-MME S1AP/SCTP/UDP/IP 36.413[9]
S1-U GTP-U/UDP/IP 29.274 18]
S10 GTP-C/UDP/IP 29.274 18]
S11 GTP-C/UDP/IP 29.274[8]
S5/S8 (GTP)  GTP/UDP/IP 29.274[8]
S5/S8 (PMIP)  CP: PMIP/IP 29.275[10]
UP: GRE/IP
SGi IP (also Diameter & Radius) 29.061 [11]
S6a Diameter/SCTP/IP 29.272[12]
Gx Diameter/SCTP/IP 29.212 [13]
Gxc Diameter/SCTP/IP 29.212[13]
Rx Diameter/SCTP/IP 29.214 [14]
UE - MME EMM, ESM 24.301 [15]

disconnected on the source side, and has not yet resumed on the target side. Data forwarding
is done for the DL data, since the UL data can be throttled effectively by the UE.

Table 3.1 summarizes the protocols and interfaces in Basic System Architecture configura-
tion.

3.2.5 Roaming in Basic System Architecture Configuration

Roaming is an important functionality, where operators share their networks with each other’s
subscribers. Typically roaming happens between operators serving different areas, such as
different countries, since this does not cause conflicts in the competition between the opera-
tors, and the combined larger service area benefits them as well as the subscribers. The words
home and visited are used as prefixes to many other architectural terms to describe where the
subscriber originates from and where it roams to respectively.

3GPP SAE specifications define which interfaces can be used between operators, and what
additional considerations are needed if an operator boundary is crossed. In addition to the con-
nectivity between the networks, roaming requires that the operators agree on many things at
the service level, e.g. what services are available, how they are realized, and how accounting
and charging is handled. This agreement is called the Roaming Agreement, and it can be made
directly between the operators, or through a broker. The 3GPP specifications do not cover these
items, and operators using 3GPP technologies discuss roaming related general questions in a
private forum called the GSM Association, which has published recommendations to cover
these additional requirements.

Roaming defined for SAE follows quite similar principles to the earlier 3GPP architectures.
The E-UTRAN is always locally in the visited network, but the data may be routed either to the
home network, or can break out to external networks directly from the visited network. This aspect
differentiates the two roaming models supported for SAE, which are defined as follows:
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Figure 3.12 Home routed and local breakout roaming

e Home Routed model: The P-GW, HSS and PCRF reside in the home operator network, and
the S-GW, MME and the radio networks reside in the visited operator network. In this roam-
ing configuration the interface between P-GW and S-GW is called S8, whereas the same
interface is called S5 when S-GW and P-GW are in the same operator’s network. S5 and S8
are technically equivalent. When the S8 interface is based in GTP, the roaming architecture
is as shown in Figure 3.2 (Gxa does not apply with GTP). When the S8 interface uses PMIP,
the PCRF will also be divided into home and visited nodes with the S9 interface between
them. This is the scenario shown in Figure 3.12 on the left, and is explained with more detail
in section 3.7.1. The Home Routed roaming model applies to legacy 3GPP ANs in the same
way, the additional detail being that the SGSN introduced in the next chapter and shown in
Figure 3.12 resides in the visited network.

e Local Breakout model: In this model, shown in the right side of Figure 3.12, the P-GW will
be located in the visited network, and the HSS is in the home network. If dynamic policy
control is used, there will again be two PCRFs involved, one in the home network, and the
other in the visited network. Depending on which operator’s services are used, the PCRF
in that operator’s network is also connected to the AF. Also this scenario is explained with
more detail in section 3.7.1. With these constraints the Local Breakout model also works
with the legacy 3GPP ANs.

3.3 System Architecture with E-UTRAN and Legacy 3GPP Access
Networks

3.3.1 Overview of 3GPP Inter-working System Architecture Configuration

Figure 3.13 describes the architecture and network elements in the architecture configuration
where all 3GPP defined ANs, E-UTRAN, UTRAN and GERAN, are connected to the EPC.
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Figure 3.13  System architecture for 3GPP access networks

This is called here the 3GPP Inter-working System Architecture Configuration, and it allows
optimized inter-working between the mentioned accesses.

Functionally the E-UTRAN, UTRAN and GERAN all provide very similar connectivity
services, especially when looking at the situation from the end user point of view, where the
only difference may be the different data rates and improved performance, but architectur-
ally these ANs are quite different, and many things are carried out differently. There are, for
example, big differences in how the bearers are managed in the EPS compared to the existing
networks with UTRAN or GERAN access. However, when UTRAN or GERAN is connected
to EPC, they may still operate as before from this perspective, and for this purpose the S-GW
simply assumes the role of the Gateway GPRS Support Node (GGSN). Also in optimized inter-
working with the E-UTRAN, the GERAN and UTRAN ANs behave almost the same way as
they behave when inter-working between themselves. The differences become more visible
in the EPC, because what used to be the fixed GGSN is now the S-GW that may be changed
along with the SGSN change during UE mobility.
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All nodes and functions described in the previous section for the Basic System Architecture
Configuration are needed here also. The EPC needs the addition of a few new interfaces and
functions to connect and inter-work with UTRAN and GERAN. The corresponding functions
will also be required from GERAN and UTRAN. The new interfaces are S3, S4 and S12 as
shown in Figure 3.12. The interface from SGSN to HSS can also be updated to Diameter based
S6d, but the use of the legacy MAP based Gr is also possible.

Keeping E-UTRAN, i.e. the eNodeB design as focused to, and as optimized for the require-
ments of the new OFDMA radio interface, and as clean of inter-working functionality as possible,
was an important guideline for the inter-working design. Consequently, the eNodeB does not
interface directly with the other 3GPP ANSs, and the interaction towards the EPC is the same
as in other mobility cases that involve EPC. However, optimized inter-working means that the
network is in control of mobility events, such as handovers, and provides functionality to hand
the communication over with minimum interruption to services. This means that an eNodeB
must be able to coordinate UE measuring UTRAN and GERAN cells, and perform handover
decisions based on measurement results, and thus E-UTRAN radio interface protocols have
been appended to support the corresponding new functions. Similar additions will be required
from UTRAN and GERAN to support handover to E-UTRAN.

3.3.2 Additional and Updated Logical Elements in 3GPP Inter-working
System Architecture Configuration

3.3.2.1 User Equipment

From the UE point of view, inter-working means that it needs to support the radio technolo-
gies in question, and the mobility operations defined for moving between them. The optimized
inter-working means that the network controls the usage of radio transmitter and receiver in
the UE in a way that only one set of them needs to be operating at the same time. This is called
single radio operation, and allows UE implementations where only one pair of physical radio
transmitter and receiver is implemented.

The standard does not preclude implementing multiple radio transmitters and receivers, and
operating them simultaneously in dual radio operation. However, single radio operation is an
important mode, because the different ANs often operate in frequencies that are so close to each
other that dual radio operation would cause too much interference within the terminal. That,
together with the additional power consumption, will decrease the overall performance.

3.3.2.2 E-UTRAN

The only addition to E-UTRAN eNodeB compared to the Basic System Architecture
Configuration is the mobility to and from other 3GPP ANs. From the eNodeB perspective
the functions are very similar irrespective of whether the other 3GPP AN is UTRAN or
GERAN.

For the purpose of handover from E-UTRAN to UTRAN or GERAN, the neighbouring cells
from those networks need to be configured into the eNodeB. The eNodeB may then consider
handover for those UEs that indicate corresponding radio capability. The eNodeB requests the
UE to measure the signal level of the UTRAN or GERAN cells, and analyses the measurement
reports. If the eNodeB decides to start the handover, it signals the need to the MME in the
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same way that it would signal inter-eNodeB handover when the X2 interface is not available.
Subsequently, the eNodeB will receive the information needed for the Handover Command
from the target Access System via the MME. The eNodeB will send the Handover Command
to the UE without the need for interpreting the content of this information.

In the case of handover from UTRAN or GERAN to E-UTRAN, the eNodeB does not need
to make any specific preparations compared to other handovers where the handover prepara-
tion request comes through the MME. The eNodeB will allocate the requested resources, and
prepare the information for handover command, which it sends to the MME, from where it is
delivered to the UE through the other 3GPP Access System that originated the handover.

3.3.2.3 UTRAN

In UTRAN, the radio control functionality is handled by the Radio Network Controller (RNC),
and under its control the Node B performs Layer 2 bridging between the Uu and lub interfaces.
UTRAN functionality is described extensively in [16].

UTRAN has evolved from its initial introduction in Release 99 in many ways, including
the evolution of architectural aspects. The first such item is lu flex, where the RNC may be
connected to many Serving GPRS Support Nodes (SGSNs) instead of just one. Another such
concept is I-HSPA, where the essential set of packet data related RNC functions is included with
the Node B, and that connects to 1u-PS as a single node. Figure 3.13 also shows the direct UP
connection from RNC to S-GW, which is introduced to 3G CN by the Direct Tunnel concept,
where the SGSN is bypassed in UP.

Inter-working with E-UTRAN requires that UTRAN performs the same measurement control
and analysis functions as well as the transparent handover information delivery in Handover
Command that were described for eNodeB in the earlier section. Also the UTRAN performs
similar logic that it already uses with Relocation between RNCs, when the lur interface is not
used.

3.3.2.4 GERAN

GSM EDGE Radio AN (GERAN) is the evolved version of GSM AN, which can also be con-
nected to 3G Core Network. It consists of the Base Station Controller (BSC) and the Base
Station (BS), and the radio interface functionalities are divided between them. An overview of
GERAN functionality and the whole GSM system can be found in [17].

The GERAN is always connected to the SGSN in both Control and UPs, and this connec-
tion is used for all the inter-working functionality. Also the GERAN uses logic similar to that
described above for E-UTRAN and UTRAN for inter-working handover.

3.3.25 EPC

The EPC has a central role for the inter-working system architecture by anchoring the ANs
together. In addition to what has been described earlier, the MME and S-GW will support con-
nectivity and functions for inter-working. Also the SGSN, which supports the UTRAN and
GERAN access networks, will need to support these functions, and when these additions are
supported, it can be considered to belong to the EPC.
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The S-GW is the mobility anchor for all 3GPP access systems. In the basic bearer operations
and mobility between SGSNSs, it behaves like a GGSN towards the SGSN, and also towards
the RNC if UP tunnels are set up in Direct Tunnel fashion bypassing the SGSN. Many of the
GGSN functions are actually performed in the P-GW, but this is not visible to the SGSN. The
S-GW retains its role as a UP Gateway, which is controlled by either the MME or the SGSN
depending on which AN the UE is being served by.

To support the inter-working mobility, the MME will need to signal with the SGSN. These
operations are essentially the same as between those two MMEs, and have been described earlier
in section 3.2. An additional aspect of the MME is that it may need to combine the change of
S-GW and the inter-working mobility with SGSN.

The SGSN maintains its role as the controlling node in core network for both UTRAN and
GERAN. These functions are defined in [18]. The SGSN has a role very similar to that of the
MME. The SGSN needs to be updated to support for S-GW change during mobility between
SGSNs or RNCs, because from the legacy SGSN point of view this case looks like GGSN
changing, which is not supported. As discussed earlier, the SGSN may direct the UP to be routed
directly between the S-GW and UTRAN RNC, or it may remain involved in the UP handling.
From the S-GW point of view this does not really make a difference, since it does not need to
know which type of node terminates the far end of the UP tunnel.

3.3.3 Interfaces and Protocols in 3GPP Inter-working System Architecture
Configuration

Table 3.2 summarizes the interfaces in the 3GPP Inter-working System Architecture
Configuration and the protocols used in them. Interfaces and protocols in legacy 3GPP networks
are not listed. Interfaces and protocols listed for Basic System Architecture Configuration are
needed in addition to these.

3.3.4 Inter-working with Legacy 3GPP CS Infrastructure

While the EPS is purely a Packet Switched (PS) only system without a specific Circuit Switched
(CS) domain with support for VoIP, the legacy 3GPP systems treat CS services such as voice calls
with a specific CS infrastructure. IMS VoIP may not be ubiquitously available, and therefore the
SAE design includes two special solutions that address inter-working with circuit switched voice.
A description of how inter-working between E-UTRAN and the legacy 3GPP CS domain can be

Table3.2 Summary of additional interfaces
and protocols in 3GPP Inter-working System
Architecture configuration

Interface Protocols Specification
S3 GTP-C/UDP/IP 29.274[8]
S4 GTP/UDP/IP 29.274[8]
S12 GTP-U/UDP/IP 29.274 (8]
S16 GTP/UDP/IP 29.274 (8]
Séd Diameter/SCTP/IP 29.272 [12]
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Table 3.3 Summary of additional interfaces and
protocols for inter-working with legacy 3GPP CS

infrastructure

Interface Protocols Specification
SGs SGsSAP/SCTP/IP 29.118[21]
Sv GTP-C(subset)/UDP/IP  29.280 [22]

arranged is given in Chapter 10 on VoIP. Two specific functions have been defined for that purpose,
Circuit Switched Fall Back (CSFB) and Single Radio Voice Call Continuity (SR-VCC).

CSFB [19] is a solution for networks that do not have support for IMS VoIP. Instead, the
voice calls are handled by the CS domain, and the UE is handed over there at the time of a
voice call. The SGs interface between the MME and MSC Server is used for related control
signalling, as shown with more detail in Chapter 10.

SR-VCC [20] is a solution for converting and handing over an IMS VoIP call to a CS voice
call in the legacy CS domain. This functionality would be needed when the coverage of an
IMS VoIP capable network is smaller than that of the legacy CS networks. SR-VCC allows a
UE entering the edge of the VoIP coverage area with an ongoing VoIP call to be handed over
to the CS network without interrupting the call. SR-VCC is a one way handover from the PS
network with VoIP to the CS network. If E-UTRAN coverage becomes available again, the UE
may return there when the call ends and the UE becomes idle. The solution relies on running
only one radio at a time, i.e. the UE does not need to communicate simultaneously with both
systems. In this solution the MME is connected to the MSC Server in the CS domain via a
Sv interface, which is used for control signalling in the SR-VCC handover. The details of the
solution are presented in Chapter 10. A summary of additional interfaces and protocols for
inter-working with legacy 3GPP CS infrastructure is given in Table 3.3.

3.4 System Architecture with E-UTRAN and Non-3GPP Access
Networks

3.4.1 Overview of 3GPP and Non-3GPP Inter-working System Architecture
Configuration

Inter-working with non-3GPP ANs was one of the key design goals for SAE, and to support
it, a completely separate architecture specification [2] was developed in 3GPP. The non-3GPP
Inter-working System Architecture includes a set of solutions in two categories. The first cat-
egory contains a set of generic and loose inter-working solutions that can be used with any other
non-3GPP AN. Mobility solutions defined in this category are also called Handovers without
Optimizations, and the same procedures are applicable in both connected and idle mode. The
second category includes a specific and tighter inter-working solution with one selected AN,
the cdma2000® HRPD. This solution category is also called Handovers with Optimizations,
and it specifies separate procedures for connected and idle mode.

The generic non-3GPP Inter-working System Architecture is shown in Figure 3.14. The
specific application of the architecture for cdma2000® HRPD inter-working and the required
additional interfaces are described with more detail in section 3.5.
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Figure 3.14 describes the generic inter-working solution that relies only on loose coupling
with generic interfacing means, and without AN level interfaces. Since there are so many
different kinds of ANs, they have been categorized to two groups, the trusted and un-trusted
non-3GPP ANs, depending on whether it can be safely assumed that 3GPP defined authentica-
tion can be run by the network, which makes it trusted, or if authentication has to be done in
overlay fashion and the AN is un-trusted. The P-GW will maintain the role of mobility anchor,
and the non-3GPP ANs are connected to it either via the S2a or the S2b interface, depending
on whether the non-3GPP AN functions as a Trusted or Un-trusted non-3GPP AN. Both use
network controlled IP layer mobility with the PMIP protocol. For networks that do not support
PMIP, Client MIPv4 Foreign Agent mode is available as an option in S2a. In addition to mobil-
ity functions, the architecture includes interfaces for authenticating the UE within and through
the non-3GPP AN, and also allows PCC functionality in them via the Gxa and Gxb interfaces.
Note that the detailed functions and protocols for Gxb are not specified in Release 8.

UE
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Figure 3.14  System architecture for 3GPP and non-3GPP access networks
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Figure 3.15 Simplified system architecture showing only S2¢

In addition to the network controlled mobility solutions, a completely UE centric solution
with DSMIPv6 is also included in the inter-working solutions. This scenario is depicted in
Figure 3.15.

In this configuration the UE may register in any non-3GPP AN, receive an IP address from
there, and register that to the Home Agent in P-GW. This solution addresses the mobility as an
overlay function. While the UE is served by one of the 3GPP AN, the UE is considered to be
in home link, and thus the overhead caused by additional MIP headers is avoided.

Another inter-working scenario that brings additional flexibility is called the chained S8 and
S2a/S2b scenario. In that scenario the non-3GPP AN is connected to S-GW in the visited Public
Land Mobile Network (PLMN) through the S2a or S2b interface, while the P-GW is in the home
PLMN. This enables the visited network to offer a roaming subscriber the use of non-3GPP ANs
that might not be associated with the home operator at all, even in the case where P-GW is in
the home PLMN. This scenario requires that S-GW performs functions that normally belong
to P-GW in order to behave as the termination point for the S2a or S2b interfaces. In Release
8, this scenario does not support dynamic policies through the PCC infrastructure, i.e. the Gxc
interface will not be used. Also, chaining with GTP based S5/S8 is not supported. All other
interfaces related to non-3GPP AN are used normally as shown in Figure 3.14.

3.4.2 Additional and Updated Logical Elements in 3GPP Inter-working
System Architecture Configuration

3.4.2.1 User Equipment

Inter-working between the non-3GPP ANs requires that the UE supports the corresponding
radio technologies, and the specified mobility procedures. The mobility procedures and required
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radio capabilities vary depending on whether optimizations are in place or not. The procedures
defined for Handovers without Optimizations do not make any assumption about the UE’s
capability to use the radio transmitters and receivers simultaneously, and both single radio and
dual radio configurations can use the procedures. However, the handover gap time is expected
to be shorter, if preparing the connections towards the target side can start already while data
are still flowing through the source side. This is caused by the fact that Handovers without
Optimizations do not have procedures in the network side to assist in handover preparations, and
the procedures follow the principle where UE registers to the target network according to the
method defined for that network, and then the network switches the flow to the target network.
This may be time consuming, since it normally includes procedures such as authentication.
Also, the decision to make these handovers is the responsibility of the UE.

The Handovers with Optimizations, i.e. inter-working with cdma2000® HRPD, assume that
they do include network control for connected mode, so the handovers are decided by the net-
work, while the idle mode mobility relies on UE decision making, which may use cdma2000®
HRPD related information in the LTE-Uu broadcast. Furthermore, the procedures are designed
with the assumption that single radio configuration is enough for the UE.

3.4.2.2 Trusted Non-3GPP Access Networks

The term trusted non-3GPP AN refers to networks that can be trusted to run 3GPP defined
authentication. 3GPP Release 8 security architecture specification for non-3GPP ANs [23]
mandates that the Improved Extensible Authentication Protocol Method for 3rd Generation
Authentication and Key Agreement (EAP-AKA") [24] is performed. The related procedures
are performed over the STa interface.

The trusted non-3GPP ANs are typically other mobile networks, such as the cdma2000®
HRPD. The STa interface supports also delivery of subscription profile information from
Authentication, Authorization and Accounting (AAA)/HSS to the AN, and charging
information from the AN to AAA Server, which are typical functions needed in mobile
networks. It can also be assumed that such ANs may benefit from connecting to the PCC
infrastructure, and therefore the Gxc interface may be used to exchange related information
with the PCRF.

The trusted non-3GPP AN connects to the P-GW with the S2a interface, with either PMIP or
MIPv4 Foreign Agent mode. The switching of UP flows in P-GW is therefore the responsibility
of the trusted non-3GPP AN when UE moves into the AN’s service area.

3.4.2.3 Un-trusted Non-3GPP Access Networks

To a large extent, the architectural concepts that apply for un-trusted non-3GPP ANs are inherited
from the Wireless Local Area Network Inter-Working (WLAN IW) defined originally in Release
6 [25]. The Release 8 functionality for connecting un-trusted non-3GPP ANs to EPC is specified
fully in [2] with references to the earlier WLAN IW specifications when applicable.

The main principle is that the AN is not assumed to perform any other functions besides
delivery of packets. A secure tunnel is established between UE and a special node called the
Enhanced Packet Data Gateway (EPDG) via the SWu interface, and the data delivery takes
place through that tunnel. Furthermore, the P-GW has a trust relationship with the EPDG con-
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nected to it via the S2b interface, and neither node needs to have secure association with the
un-trusted non-3GPP AN itself.

As an optional feature, the un-trusted non-3GPP AN may be connected to the AAA Server
with the SWa interface, and this interface may be used to authenticate the UE already in the
non-3GPP AN level. This can be done only in addition to authentication and authorization
with the EPDG.

3.4.24 EPC

The EPC includes quite a few additional functions for the support of non-3GPP ANs, when
compared to the previously introduced architecture configurations. The main changes are in
the P-GW, PCRF and HSS, and also in S-GW for the chained S8 and S2a/S2b scenario. In
addition, completely new elements, such as the EPDG (Evolved Packet Data Gateway) and the
AAA are introduced. The AAA infrastructure contains the AAA Server, and it may also contain
separate AAA proxies in roaming situations. Figure 3.16 highlights the AAA connections and
functions for non-3GPP ANs.

The P-GW is the mobility anchor for the non-3GPP ANs. For PMIP based S2a and S2b
interfaces, the P-GW hosts the Local Mobility Anchor (LMA) function in a manner similar to
that for the S5/S8 PMIP interfaces. Also the Home Agent (HA) function for the Client MIPv4
Foreign Agent mode in S2a is located in P-GW. The relation between P-GWs and non-3GPP
ANs is many to many. The P-GW will also interface with the AAA Server, which subsequently
connects to HSS. This interface is used for reporting the selected P-GW to the HSS so that it
is available in mobility between non-3GPP ANs, and to authenticate and authorize users con-
necting with S2¢ mode. Each P-GW may connect to more than one AAA server.

The PCRF supports PCC interfaces for non-3GPP ANs. The Gxa is used towards trusted non-
3GPP ANs, and Gxb towards un-trusted non-3GPP ANs. Only Gxa is specified in detail level
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Figure 3.16 3GPP AAA server interfaces and main functions
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in Release 8. The Gxa interface functions in a fashion similar to that of the Gxc interface. In
this case the BBERF function will be in the non-3GPP AN, and it will receive instructions from
the PCRF on how to handle the bearer level functions for the IP flows in the S2a interface. The
further bearer functions internal to non-3GPP ANs are not addressed in 3GPP specifications.

The EPDG is a dedicated node for controlling the UE and inter-network connection, when
an un-trusted non-3GPP AN is connected to EPC. Since the AN is not trusted, the main function
is to secure the connection, as defined in [23]. The EPDG establishes an IPsec tunnel to the
UE through the un-trusted non-3GPP AN with IKEv2 signalling [26] over the SWu interface.
During the same signalling transaction the EAP-AKA authentication is run, and for that the
EPDG signals with the AAA Server through the SWm interface. While the SWm interface is
logically between UE and the EPDG, the SWn interface represents the interface on a lower
layer between the EPDG and the un-trusted non-3GPP AN. The Release 8 specifications do
not assume that EPDG would signal with PCRF for any PCC functions, but the architecture
already contains the Gxb interface for that purpose.

The 3GPP AAA Server, and possibly a AAA Proxy in the visited network, performs a 3GPP
defined set of AAA functions. These functions are a subset of what the standard IETF defined
AAA infrastructure includes, and do not necessarily map with the way other networks use AAA
infrastructure. The AAA Server acts between the ANs and the HSS, and in doing so it creates
a context for the UESs it serves, and may store some of their information for further use. Thus,
the 3GPP AAA Server consolidates the signalling from different types of ANs into a single
SWx interface towards the HSS, and terminates the access specific interfaces Séb, STa, SWm
and SWa. Most importantly the AAA Server performs as the authenticator for the EAP-AKA
authentication through the non-3GPP ANSs. It checks the authenticity of the user, and informs
the AN about the outcome. The authorization to use the AN in question will also be performed
during this step. Depending on the AN type in question, the AAA Server may also relay sub-
scription profile information to the AN, which the AN may further use to better serve the UE.
When the UE is no longer served by a given non-3GPP AN, the AAA Server participates in
removing the UE’s association from the HSS. Figure 3.16 summarizes the AAA Server main
functions in relation to other nodes.

The HSS performs functions similar to those for the 3GPP ANs. It stores the main copy of
the subscription profile as well as the secret security key in the AuC portion of it, and when
requested, it provides the profile data and authentication vectors to be used in UEs connecting
through non-3GPP ANs. One addition compared to 3GPP ANs is that since the non-3GPP
ANs do not interface on the AN level, the selected P-GW needs to be stored in the HSS, and
retrieved from there when the UE mobility involves a non-3GPP AN. The variety of different
AN types are mostly hidden from the HSS, since the AAA Server terminates the interfaces
that are specific to them, and HSS only sees a single SWx interface. On the other hand, the
subscription profile stored in the HSS must reflect the needs of all the different types of ANs
that are valid for that operator.

3.4.3 Interfaces and Protocols in Non-3GPP Inter-working System
Architecture Configuration

Connecting the non-3GPP ANs to EPC and operating them with it requires additional interfaces
to those introduced in earlier sections. Table 3.4 lists the new interfaces.
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Table 3.4 Summary of additional interfaces and protocols in non-3GPP
Inter-working System Architecture configuration

Interface Protocols Specification
S2a PMIP/IP, or MIPv4/UDP/IP  29.275[10]
S2b PMIP/IP 29.275[10]
S2¢ DSMIPv6, IKEV2 24.303 [27]
Séb Diameter/SCTP/IP 29.273[28]
Gxa Diameter/SCTP/IP 29.212 [13]
Gxb Not defined in Release 8 N.A.

STa Diameter/SCTP/IP 29.273[28]
SWa Diameter/SCTP/IP 29.273[28]
Swd Diameter/SCTP/IP 29.273 [28]
SWm Diameter/SCTP/IP 29.273 [28]
SWhn PMIP 29.275 [10]
SWu IKEv2, MOBIKE 24.302 [29]
SWx Diameter/SCTP/IP 29.273 [28]
UE - foreign agent in trusted MIPv4 24.304 [30]
non-3GPP Access

UE —Trusted or Un-trusted EAP-AKA 24.302 [29]

non-3GPP access

3.4.4 Roaming in Non-3GPP Inter-working System Architecture
Configuration

The principles for roaming with non-3GPP accesses are equivalent to those described in sec-
tion 3.2.4 for 3GPP ANs. Both home routed and local breakout scenarios are supported and the
main variations in the architecture relate to the PCC arrangement, which depends on where the
services are consumed. This aspect is highlighted more in section 3.7.1.

The additional consideration that non-3GPP ANs bring to roaming is related to the case
where the user is roaming to a visited 3GPP network in Home Routed model, and it would
be beneficial to use a local non-3GPP AN that is affiliated with the visited network, but there
is no association between that network and the home operator. For this scenario, the 3GPP
Release 8 includes a so-called chained case, where the S-GW may behave as the anchor for
the non-3GPP ANs also, i.e. it terminates the S2a or S2b interface, and routes the traffic via
the S8 interface to the P-GW in the home network.

3.5 Inter-working with cdma2000® Access Networks
3.5.1 Architecture for cdma2000® HRPD Inter-working

The best inter-working performance in terms of handover gap time is achieved by specify-
ing the networks to inter-operate very tightly to exchange critical information. This creates a
specific solution that is valid for only the ANs in question. With the limited time and resources
available for specification work, the number of such solutions in 3GPP Release 8 could only
be limited. A tight inter-working solution also requires changes in the other ANs, and by
definition the development of non-3GPP ANs is not within the control of 3GPP. Achieving a
well designed solution requires special attention to coordination between the developments in
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different standardization bodies. With these difficulties at hand, 3GPP Release 8 only includes
an optimized inter-working solution with cdma2000® HRPD AN.

Figure 3.17 highlights the architecture for cdma2000® HRPD inter-working. It shows the
Evolved HRPD (E-HRPD) network, where a number of modifications have been applied to
make it suitable for connecting to the EPC. Due to these modifications it will be called E-HRPD
in this chapter to distinguish it from legacy HRPD systems that do not support these functions.
The radio interface and the Radio Access Network have been kept as similar as possible, but
the HRPD Serving Gateway (HSGW) is a completely new node inheriting many of its func-
tions from S-GW.

The E-HRPD is generally treated as a trusted non-3GPP AN, and it is therefore connected
to the EPC via S2a, Gxa and STa interfaces. These interfaces operate as described earlier.
Since the inter-working solution is optimized, and does not rely on UE performing the attach

Services
External networks

User Equipmel;t '
UE

Figure 3.17  System architecture for 3GPP and cdma2000® HRPD inter-working
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procedure directly to the target network, two new interfaces, S101 and S103, were defined for
the CP and UP interactions respectively.

3GPP ANs and the 3GPP2-defined cdma2000® ANs share many things in common, but
many things are also different. Both systems use a prepared handover, where the source system
signals to the target system to give it essential parameters to be able to serve the terminal
there, and the target system gives the source system parameters that can be further given to the
terminal to guide it to make the access to the target radio. While there are similarities in these
methods, the parameters themselves do not match well at all, and this method could not be
used by applying a simple protocol conversion. To ease up on the need to align every informa-
tion element that would need to be exchanged in handover, it was decided to use a transparent
signalling transport method.

Figure 3.18 shows how the transparent tunnel is used in mobility from E-UTRAN to E-HRPD
on the left, and the opposite direction is shown on the right. The thick black arrow indicates the
signalling which is carried transparently through the source access system and over the S101
interface to the target system. In this method the source access system gives guidance to the UE
to register to the target system through the tunnel. This creates the UE context in the target system
without the source system having to convert its information to the target system format. This is
called pre-registration, and the purpose is to take the time consuming registration/attach function
away from the time critical path of handover. The transparent tunnel may also be used to build the
bearer context in the target system so that when the time to make the handover is at hand, every-
thing will be ready and waiting at the target side. The actual handover is decided based on radio
interface conditions, and this solution requires that both systems are able to handle measurements
from the other system. The following inter-working scenarios are supported between E-UTRAN
and E-HRPD:

e E-UTRAN — E-HRPD handover: The pre-registration may be performed well before the
actual handover takes place, and also all bearers are set up in the E-HRPD side. The UE
remains in a dormant state (equal to idle mode) from the E-HRPD system point of view
before handover, and this state may be long lived. When the radio conditions indicate the
need for handover, the eNodeB commands the UE to start requesting traffic channel from
E-HRPD. This takes place through the transparent tunnel, and once it is completed, the
eNodeB commands the UE to make the actual handover. The S103 interface is used only

Figure 3.18 Tunnelled pre-registration to eHRPD and to E-UTRAN
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in this handover scenario to forward DL data during the time when the UE is making the
switch between the radios.

e E-UTRAN — E-HRPD idle mode mobility: The pre-registration state works as described
above for the handover. The UE is in idle mode in the E-UTRAN also, and it moves within
the system, selecting the cells on its own, and when it selects an E-HRPD cell, it briefly con-
nects to the E-HRPD network to get the mobility pointers updated to the E-HRPD side.

e E-HRPD — E-UTRAN handover: The E-HRPD AN will request the UE to make tunnelled
pre-registration (attach) only at the time the handover is needed, and the UE will immediately
proceed to requesting connection directly from the E-UTRAN cell after the registration is
complete. The bearers are set up in embedded fashion with the registration and connection
request procedures.

e E-HRPD — E-UTRAN idle mode mobility: The idle mode procedure follows the same
guidelines as the handover for the tunnelled registration (attach), but the UE accesses the
E-UTRAN radio only by reporting its new location (Tracking Area), since there is no need
to set up bearers in E-UTRAN for UE in idle mode.

3.5.2 Additional and Updated Logical Elements for cdma2000® HRPD
Inter-working

Inter-working with eHRPD in an optimized manner brings a lot of new features in the basic
SAE network elements, and introduces few totally new elements in the HRPD side. The UE,
eNodeB, MME and S-GW will all be modified to support new functions, and MME and S-GW
will also deal with new interfaces. The eHRPD is a new network of its own, and it consists
of elements such as Base Station, Radio Network Controller (RNC), Packet Control Function
(PCF) and HRPD Serving Gateway (HSGW).

The UE will need to support both radio interfaces. The design of the procedure assumes
that UE is capable of single mode operation only. On the other hand, the integration is kept
loose enough so that it would be possible to implement terminal with separate chip sets for
E-UTRAN and E-HRPD. This means that the UE is not required to make measurements of
cells in the other technology in as tightly a timewise controlled manner as is normally seen
within a single radio technology. The UE will also need to support the tunnelled signalling
operation. The tunnelled signalling itself is the same signalling as the UE would use directly
with the other system.

The main new requirement for the eNodeB is that it also needs to be able to control mobility
towards the eHRPD access. From the radio interface perspective it does this much in the same
manner as with the other 3GPP accesses, by instructing the UE to make measurements of the
neighbouring eHRPD cells, and making the handover decision based on this information. On
the other hand, the eNodeB does not signal the handover preparation towards the eHRPD, like
it would for other handovers in S1 interface. Instead the handover preparation works so that
the UE sends traffic channel requests to the eHRPD AN through the transparent tunnel, and the
eNodeB is only responsible for marking the uplink messages with appropriate routing informa-
tion, so that the MME can select the right node in the eHRPD AN, and noting the progress of
the handover from the headers of the S1 messages carrying the eHRPD signalling.

The MME implements the new S101 interface towards the eHRPD RAN. For UE originated
messages, it needs to be able to route them to the right eHRPD RAN node based on a refer-
ence given by the eNodeB. In the reverse direction the messages are identified by the IMSI of
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the UE, and the basis that the MME can route them to the right S1 signalling connection. The
MME does not need to interpret the eHRPD signalling message contents, but the status of the
HO progress is indicated along with those messages that require special action from the MME.
For example, at a given point during E-UTRAN — E-HRPD handover, the MME will set up
the data forwarding tunnels in the S-GW. The MME also needs to memorize the identity of
the E-HRPD AN node that a UE has been signalling with, so that if MME change takes place,
the MME can update the S101 context in the HRPD AN node.

The S-GW supports the new S103 interface, which is used for forwarding DL data during
the time in handover, when the radio link cannot be used. The forwarding function is similar to
the function S-GW has for the E-UTRAN handovers. The difference is that S103 is based on a
GRE tunnel, and there will be only one tunnel for each UE in handover, so the S-GW needs to
map all GTP tunnels from the S1-U interface to a single GRE tunnel in the S103 interface.

The E-HRPD network is a completely new way to use the existing HRPD radio technology
with the SAE, by connecting it to the EPC. Compared to the original HRPD, many changes
are caused by the inter-working, and connecting to the EPD requires some new functions, e.g.
the support of EAP-AKA authentication. The HSGW is taking the S-GW role for E-HRPD
access, and performs much like a S-GW towards the P-GW. The HSGW also includes many
CP functions. Towards the eHRPD AN, it behaves like the Packet Data Serving Node (PDSN)
in a legacy HRPD network. It also signals with the 3GPP AAA Server to authenticate the UE,
and to receive its service profile. The CN aspects of the E-HRPD are specified in [31] and the
evolved RAN is documented in [32].

3.5.3 Protocols and Interfaces in cdma2000® HRPD Inter-working

The optimized inter-working introduces two new interfaces — S101 and S103 —to the architec-
ture (see Table 3.5). The S2a, Gxc and STa are as described earlier. The following summarizes
the new interfaces:

e S101 is a CP interface that in principle forms a signalling tunnel for the eHRPD messages.
The CP protocol is S1I01AP, which is specified in [33]. The S101AP uses the same mes-
sage structure and coding as the newest version of GTP. The main function is to carry the
signalling messages, with the IMSI as a reference and with an additional handover status
parameter that is set by either the UE or either one of the networks it signals with. In addi-
tion, when the data forwarding tunnel needs to be set up, the address information is also
included in S101AP. S101AP also includes a procedure to switch the interface from one
MME to another if handover in E-UTRAN causes MME change.

e S103isasimple GRE tunnel for UP data forwarding in handover. Itis only used for DL data in
handover from E-UTRAN to E-HRPD. S103 is a UP interface only, and all control information
to set up the GRE tunnel is carried in other interfaces. It is specified with S101AP in [33].

Table3.5 Additional interfaces and protocols
for inter-working with cdma2000® eHRPD

Interface Protocols Specification
S101 S101AP/UDP/IP 29.276 [33]
S103 GRE/IP 29.276 [33]
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Table3.6 Additional interfaces and protocols
for inter-working with cdma2000® 1XRTT

Interface Protocols Specification

S102 S102 protocol 29.277 [34]
A21 A21 protocol  A.S0008-C [35]

3.5.4 Inter-working with cdma2000® IxRTT

The cdma2000® 1xRTT is a system supporting CS bearers, and is primarily used for voice
calls. In this respect it is functionally equivalent to the legacy 3GPP CS infrastructure such as
the MSC and the CS bearer capabilities of GERAN and UTRAN. As described in Chapter 10,
the 3GPP standard includes two functions to support inter-working between the E-UTRAN
and the legacy CS infrastructure. These are the CSFB [19] and SR-VCC [20]. These func-
tions have been extended to cover inter-working with cdma2000® 1xRTT also, and at a high
level they work in the same way as described in Chapter 10. In the 1IXRTT case, the interface
between MME and the cdma2000® 1XRTT infrastructure is called S102. S102 carries a protocol
specified in 3GPP2 for the A21 interface, which is used in cdma2000® systems for voice call
continuity (see Table 3.6).

3.6 IMS Architecture
3.6.1 Overview

The IP Multimedia Services Sub-System (IMS) is the preferred service machinery for LTE/
SAE. IMS was first introduced in Release 5, and with the well defined inter-working with
existing networks and services that have been introduced since, the Rel-8 IMS can now be used
to provide services over fixed and wireless accesses alike. The IMS architecture is defined in
[36], and the functionality is defined in [37]. A comprehensive description of IMS can also be
found in [3]. For the purpose of this book, the functional architecture of IMS is presented in
Figure 3.19, and a short description of the main functions follows below.

IMS is an overlay service layer on top of the IP connectivity layer that the EPS provides.
Figure 3.19 shows a thick grey line from UE to P-GW that represents the UE’s IP connectiv-
ity to IMS and other external networks through the RAN and EPC. The signalling interfaces
Gm and Ut run on top of this connection, which typically use the default bearer a UE will
always have in LTE/SAE. The services may further require that dedicated bearers are set up
through EPC, and the service data flows may need to be handled by one of the Inter-working
or Services Elements.

In principle the IMS is independent of the connectivity layer, which requires its own
registration and session management procedures, but it has also been specifically designed
to operate over the 3GPP-defined ANSs, and it works seamlessly with the PCC described in
section 3.7. IMS uses SIP protocol for registration and for controlling the service sessions.
SIP is used both between the terminal and the IMS (Gm Interface) and between various
IMS nodes (ISC, Mw, Mg, Mr, Mi, Mj, Mx, Mk and Mm Interfaces). The SIP usage in IMS
is defined in [38]. Diameter (Cx, Dx, Dh and Sh Interfaces) and H.248 (Mp) are the other
protocols used in IMS.

IPR2022-00457
Apple EX1010 Page 200



System Architecture Based on 3GPP SAE 57

IMS

Services Elements

'
1
—
P IS *2
o el T —
o . . gement of 7 Interworking Elements ~ {Mm
L1 \sp g ISC [ And Routing s
' ' \oh \\Ma
v ! - N
v ! \
Ly -l
[ ~
= t-
[ /7
vt ’
[ '*
' .- Dx|
' 3 .
: m.-—l'—
'
1
L Databases

\“

\\

< Gm ———— Rx

)

Radio Access Network

\

\\ "
User Equipment
UE

Figure 3.19 IMS architecture

T
1
1
1
1
[
1
[
1
B '
'
'
T
T
1
'
1

Sdd 29
“akery fyandauuo) g

<

The UE primarily signals with the CSCFs for the services it wishes to use, and in addition
some service specific signalling may be run directly with the Application Servers. The signal-
ling may also be network originated for terminating services. The Session Management and
Routing functions are handled by the CSCFs that are in control of the UE’s registration in IMS.
For that purpose they signal with the Databases to get the appropriate information. The CSCFs
are also in control of the UE’s service sessions in IMS, and for that purpose they may need to
signal with one or more of the Services Elements to know what kind of connectivity is needed
for the service in question, and then with the connectivity layer through the Rx interface to
make corresponding requests to bearer resources. Finally, the CSCFs may need to signal with
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one or more of the Inter-working Elements to control the interconnection between networks.
Whenever the UP flow is routed through one of the IMS elements, it is done through the Mb
interface that connects IMS to IP networks. The following sections introduce the main func-
tions in the functional groups highlighted in Figure 3.19.

Most IMS elements responsible for session management and routing or inter-working are
involved in collecting charging information. Rf and Ro interfaces are the main IMS charging
interfaces (see section 3.7.1). For simplicity, charging related nodes and interfaces are not
shown in Figure 3.19.

3.6.2 Session Management and Routing

The Call State Control Function (CSCF) is the central element in SIP signalling between the
UE and the IMS, and it takes care of the UE’s registration to the IMS, and service session
management. The registration includes authentication. The primary authentication method is
IMS-AKA [39], but other methods such as http digest [40] may also be used. CSCF is defined
to have three different roles that may reside in the same node, or separate nodes connected
through the Mw interface, and all are involved in the UE-related SIP signalling transactions:

e The Serving CSCF (S-CSCF) locates in the user’s home network, and it will maintain the
user’s registration and session state. At registration, it interfaces with the HSS to receive the
subscription profile, including authentication information, and it will authenticate the UE.
For the service sessions, the S-CSCF signals with the UE through the other CSCFs, and may
also interact with the Application Servers (ASs) or the MRFCs for setting up the service
session properly. It also carries the main responsibility for controlling the Inter-working
Elements. The S-CSCF may also need to interact with MGCF for inter-working with CS
networks, or with other multimedia networks for UE requested services.

e The Interrogating CSCF (I-SCSF) is located at the border of the home network, and it is
responsible for finding out the UE’s registration status, and either assigning a new S-CSCF
or routing to the right existing S-CSCF. The request may come from Proxy CSCF (P-CSCF),
from other multimedia networks, or from CS networks through the Media Gateway Control
Function (MGCF). Also I-CSCF may need to interact with the ASs for service handling.
The Ma interface is used for this when Public Service Identity (PSI) is used to identify the
service, and the I-CSCF can route the request directly to the proper AS.

o The (P-CSCF) is the closest IMS node the UE interacts with, and it is responsible for all
functions related to controlling the IP connectivity layer, i.e. the EPS. For this purpose
the P-CSCF contains the Application Function (AF) that is a logical element for the PCC
concept, which is described in section 3.7.1. The P-CSCF is typically located in the same
network as the EPS, but the Rel-8 includes a so-called Local Breakout concept that allows
P-CSCF to remain in the home network, while PCRF in the visited network may still be
used.

In addition to the above-mentioned three CSCF roles, a fourth role, the Emergency CSCF
(E-CSCF), has been defined. As the name indicates, the E-CSCF is dedicated to handling the
emergency call service in IMS. The E-CSCF connects to the P-CSCF via the Mw interface,
and these nodes must always be in the same network. In addition, the E-CSCF is also con-
nected to a Location Retrieval Function (LRF) through the Mi Interface. The LRF can provide
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the location of the UE, and routing information to route the emergency call appropriately. The
E-CSCF and LRF are not shown in Figure 3.19 for simplicity

The CSCFs are connected to each other with the Mw interface, and to other multimedia
networks through the Mm interface. Interconnection between CSCFs in different operators’
networks may be routed through a common point called the Interconnection Border Control
Function (IBCF). See section 3.6.5.

3.6.3 Databases

The Home Subscriber Server (HSS) is the main database used by the IMS. The HSS contains
the master copy of subscription data, and it is used in much the same way as with the IP con-
nectivity layer. It provides the location and authentication information based on requests from
the I- or S-CSCF, or the AS. The interface between the HSS and the Services Elements will be
either Sh or Si depending on the type of services elements. The Sh interface is used in case of
SIP or OSA service capability server and the Si when CAMEL based AS is in question.

When there is more than one addressable HSS, another database called the Subscription
Locator Function (SLF) may be used to find the right HSS.

3.6.4 Services Elements

The actual service logic is located in the Application Servers (AS). A variety of different services
may be provided with different ASs, and the standards do not aim to cover all possible services.
Some of the main services are covered in order to facilitate easier inter-working with operators
in roaming, and to provide for consistent user experience. One example of a standardized AS is
the Telephony Application Server (TAS), which may be used to provide the IMS VoIP service.

The media component of the service can be handled by the Multimedia Resource Function
(MRF), which is defined as a separate controller (MRFC) and processor (MRFP). The UP may
be routed through MRFP for playing announcements as well as for conferencing and transcod-
ing. For coordination purposes, the MRFC may also be connected to the related AS.

3.6.5 Inter-working Elements

The Inter-working Elements are needed when the IMS interoperates with other networks, such
as other IMS networks, or CS networks. The following are the main functions of the standard-
ized inter-working elements:

e The Breakout Gateway Control Function (BGCF) is used when inter-working with CS net-
works is needed, and it is responsible for selecting where the interconnection will take place.
It may select the Media Gateway Control Function (MGCEF) if the breakout is to happen in
the same network, or it may forward the request to another BGCF in another network. This
interaction may be routed through the Interconnection Border Control Function (IBCF).

e The Interconnection Border Control Function (IBCF) is used when interconnection between
operators is desired to be routed through defined points, which hide the topology inside the
network. The IBCF may be used in interconnection between CSCFs or BGCFs and it is
in control of Transition Gateway (TrGW), which is used for the same function in the UP.
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Note that the IBCF-TrGW interface is not fully specified in Release 8. The IBCFs and the
TrGWs in different operators’ networks may be interconnected to each other via the Ici and
1zi interfaces respectively, and together they comprise the Inter IMS Network to Network
Interface (II-NNI).

e The Media Gateway Control Function (MGCF) and IMS-Media Gateway (IMS-MGW)
are the CP and UP nodes for inter-working with the CS networks such as the legacy 3GPP
networks with CS domain for GERAN or UTRAN, or for PSTN/ISDN. Both incoming
and outgoing IMS VolIP calls are supported with the required signalling inter-working and
transcoding between different voice coding schemes. The MGCF works in the control of
either the CSCF or BGCE.

3.7 PCC and QoS
3.7.1 PCC

Policy and Charging Control (PCC) has a key role in the way users’ services are handled in
the Release 8 LTE/SAE system. It provides a way to manage the service related connections
in a consistent and controlled way. It determines how bearer resources are allocated for a given
service, including how the service flows are partitioned to bearers, what QoS characteristics
those bearers will have, and finally, what kind of accounting and charging will be applied. If
an operator uses only a very simple QoS model, then a static configuration of these parameters
may be sufficient, but Release 8 PCC allows the operator to set these parameters dynamically
for each service and even each user separately.

The PCC functions are defined in [5] and the PCC signalling transactions as well as the QoS
parameter mapping are defined in [41]. Figure 3.20 shows the PCC functions and interfaces in
the basic configuration when PCC is applied in one operator’s network.

The primary way to set up service flows in Release 8 is one where the UE first signals the
request for the service in the Service Layer, and the Application Function (AF) residing in
that layer contacts the Policy and Charging Resource Function (PCRF) for appropriate bearer

_
n' External networks
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Figure 3.20 Basic PCC functions
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resources. The PCRF is in charge for making the decisions on what PCC to use for the service
in question. If subscriber specific policies are used, then the PCRF may enquire subscrip-
tion related policies from the Subscription Profile Repository (SPR). Further details about
SPR structure and, for example, its relation to HSS, and the Sp interface are not specified in
Release 8. Based on the decision, the PCRF creates the appropriate PCC rules that determine
the handling in the EPS.

If the interface from P-GW to the S-GW is based on GTP, the PCRF pushes the PCC rules
to the Policy and Charging Enforcement Function (PCEF) residing in the P-GW, and it alone
will be responsible for enforcing the PCC rules, e.g. setting up the corresponding dedicated
bearers, or modifying the existing bearers so that the new IP service flows can be mapped to
them, and by ensuring that only authorized service flows are allowed and QoS limits are not
exceeded. In this case the Gxx interface shown in Figure 3.20 does not apply.

If the interface from P-GW towards the AN is based on PMIP, i.e. if it is S5 PMIP, S2a or
S2b, there is no means to signal the bearer level information onwards from the P-GW, and the
PCRF will create a separate set of QoS rules, and those are first sent to the BBERF, which will
handle the mapping between IP service flows and bearers over the AN. Depending on the AN
type, the BBERF may reside in S-GW (S5 PMIP), trusted non-3GPP AN, e.g. in HSGW (S2a),
or in the EPDG (S2b) for the un-trusted non-3GPP AN (S2b is not supported in Release 8).
Also in this case the PCC rules are also sent to PCEF in the P-GW, and it performs the service
flow and QoS enforcement.

Release 8 also supports UE initiated bearer activation within the EPS, which is applicable
to the case when there is no defined service that both the UE and the serving network could
address. In this case the UE signals with the AN and the BBERF requests the service resources
from the PCRF. The PCRF makes the PCC decision, and the logic then continues as described
above.

The PCC standard [5] defines two charging interfaces, Gy and Gz, which are used for online
and offline charging respectively. The Gy interface connects the PCEF to the Online Charging
System (OCS), which is used for flow based charging information transfer and control in an
online fashion. The Gz interface is used between the P-GW and the Offline Charging System
(OFCS), and it is applied when charging records are consolidated in an offline fashion. The
charging specifications [42] and [43] further define that the Gy interface is functionally equiva-
lent to the Ro interface that uses Diameter Credit-Control Application as defined in [44]. The
Gz interface may be based on either the Rf interface, which relies on the mentioned Diameter
Credit-Control Application, or the Ga interface, which uses the 3GPP defined GTP protocol.
The Ro and Rf interfaces are also used for charging in IMS, and were originally specified for
that purpose.

The PCRF in control of the PCEF/P-GW and the BBERF typically reside in the same opera-
tor’s network. In the case of roaming, they may reside in different networks, and the S9 interface
between PCRFs is used to enable the use of a local PCRF. The S9 interface is defined in [9],
and it re-uses the applicable parts from Rx, Gx and Gxx interfaces to convey the information
between the PCRFs.

There are two different cases when the S9 interface is used. The first case, which is shown
in Figure 3.21, applies when the roaming interface is based on PMIP, and the PCEF and
BBEREF are in different networks. In this scenario traffic is routed to the home network. In
the second case, shown in Figure 3.22, the Local Breakout model is applied, and the P-GW
resides in the visited network. The AF and Rx interface will be used from the same network
that provides the service in question. The OCS will reside in the home network. As described
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Figure 3.22 PCC functions in roaming, local breakout model

above, the separate BBERF and Gxx interfaces apply only if PMIP is used from the P-GW

in the visited network.
Table 3.7 lists the PCC related interfaces and the protocols, and the standards where they

are specified.
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Table 3.7 Summary of PCC interfaces

Interface Protocols Specification
Gx Diameter/SCTP/IP 29.212[13]
Gxx (GxaorGxc) Diameter/SCTP/IP 29.212[13]
Rx Diameter/SCTP/IP 29.214[14]
S9 Diameter/SCTP/IP 29.215 [45]
Sp Not defined in Release 8 N.A.

Gy= 32.240 [42]
Ro Diameter/SCTP/IP 32.299 [46]
Gz= 32.251 [43]
Rfor Diameter/SCTP/IP or 32.295[47] or
Ga GTP’/UDP or TCP/IP ~ 32.299 [46]

3.7.2 QoS

The development of the SAE bearer model and the QoS concept started with the assumption
that improvements compared to the existing 3GPP systems with, e.g. UTRAN access, should be
made, and the existing model should not be taken for granted. Some potential areas had already
been identified. It had not been easy for the operators to use QoS in the legacy 3GPP systems.
An extensive set of QoS attributes was available, but it was to some extent disconnected from
the application layer, and thus it had not been easy to configure the attributes in the correct
way. This problem was emphasized by the fact that the UE was responsible for setting the QoS
attributes for a bearer. Also, the bearer model had many layers, each signalling just about the
same information. It was therefore agreed that for SAE, only a reduced set of QoS parameters
and standardized characteristics would be specified. Also it was decided to turn the bearer
set-up logic so that the network resource management is solely network controlled, and the
network decides how the parameters are set, and the main bearer set-up logic consists of only
one signalling transaction from the network to the UE and all interim network elements.

The resulting SAE bearer model is shown in Figure 3.23. The bearer model itself is very
similar to the GPRS bearer model, but it has fewer layers. EPS supports the always-on concept.

Peer Entity

External Bearer

Radio Bearer S1 Bearer S$5/S8 Bearer

Figure 3.23 SAE Bearer model
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Each UE that is registered to the system has at least one bearer called the default bearer avail-
able, so that continuous IP connectivity is provided. The default bearer may have quite basic
QoS capabilities, but additional bearers may be set up on demand for services that need more
stringent QoS. These are called dedicated bearers. The network may also map several IP flows
that have matching QoS characteristics to the same EPS bearer.

The bearer set-up logic works so that the UE first signals on the application layer, on top
of the default bearer, to an Application Server (AS) in the operator service cloud, e.g. with
IMS, to set up the End-to-end Service. This signalling may include QoS parameters, or simply
indication to a known service. The AS will then request the set-up of the corresponding EPS
bearer through the PCC infrastructure. There is no separate signalling transaction for the EPS
bearer layer, but the EPS bearer is set up together with the signalling for the lower layers, i.e.
S5/S8 bearer, S1 Bearer and Radio Bearer. Furthermore, since the eNodeB is responsible for
controlling the radio interface transmission in the uplink as well, the UE can operate based
on very basic QoS information. The overall goal for network orientation in bearer set-up is to
minimize the need for QoS knowledge and configuration in the UE.

Also the QoS parameters were optimized for SAE. Only a limited set of signalled QoS
parameters are included in the specifications. They are:

e QoS Class Identifier (QCI): Itis an index that identifies a set of locally configured values for
three QoS attributes: Priority, Delay and Loss Rate. QCI is signalled instead of the values
of these parameters. Ten pre-configured classes have been specified in two categories of
bearers, Guaranteed Bit Rate (GBR) and Non-Guaranteed Bit-Rate (Non-GBR) bearers. In
addition operators can create their own classes that apply within their network. The standard
QCI classes and the values for the parameters within the class are shown in Table 3.8.

e Allocation and Retention Priority (ARP): Indicates the priority of the bearer compared to
other bearers. This provides the basis for admission control in bearer set-up, and further in
a congestion situation if bearers need to be dropped.

e Maximum Bit Rate (MBR): Identifies the maximum bit rate for the bearer. Note that a
Release 8 network is not required to support differentiation between the MBR and GBR,
and the MBR value is always set to equal to the GBR.

e Guaranteed Bit Rate (GBR): Identifies the bit rate that will be guaranteed to the bearer.

e Aggregate Maximum Bit Rate (AMBR): Many IP flows may be mapped to the same bearer,
and this parameter indicates the total maximum bit rate a UE may have for all bearers in the
same PDN connection.

Table 3.8 QoS parameters for QCI

QCIl Resourcetype Priority Delay budget Lossrate Example application

1 GBR 2 100ms le-2 \olP

2 GBR 4 150ms le-3 Video call

3 GBR 5 300ms le-6 Streaming

4 GBR 3 50ms le-3 Real time gaming

5 Non-GBR 1 100ms le-6 IMS signalling

6 Non-GBR 7 100ms le-3 Interactive gaming

7 Non-GBR 6 300ms le-6 Application with TCP:
8 Non-GBR 8 browsing, email, file

9 Non-GBR 9 download, etc.
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Table 3.8 shows the QoS parameters that are part of the QCI class, and the nine standardized

classes. The QoS parameters are:

Resource Type: Indicates which classes will have GBR associated to them.

Priority: Used to define the priority for the packet scheduling of the radio interface.

Delay Budget: Helps the packet scheduler to maintain sufficient scheduling rate to meet the
delay requirements for the bearer.

Loss Rate: Helps to use appropriate RLC settings, e.g. number of re-transmissions.
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| ntroduction to OFDMA and
SC-FDMA andto MIMO InLTE

Antti Toskala and Timo Lunttila

4.1 Introduction

As discussed in Chapter 1, LTE multiple access is different to that of WCDMA. In LTE the
downlink multiple access is based on the Orthogonal Frequency Division Multiple Access
(OFDMA) and the uplink multiple access is based on the Single Carrier Frequency Division
Multiple Access (SC-FDMA). This chapter will introduce the selection background and the
basisfor both SC-FDMA and OFDMA operation. The basic principles behind the multi-antenna
transmission in LTE, using Multiple Input Multiple Output (MIMO) technology, is aso intro-
duced. Theintention of thischapter istoillustrate the multiple access principlesin adescriptive
way without too much mathematics. For thoseinterested in the detail ed mathematical notation,
two selected references are given that provide amathematical treatment of the different multiple
access technologies, covering both OFDMA and SC-FDMA.

4.2 LTE Multiple Access Background

A Single Carrier (SC) transmission means that information is modulated only to one carrier,
adjusting the phase or amplitude of the carrier or both. Frequency could also be adjusted, but in
LTE thisisnot effected. The higher the datarate, the higher the symbol ratein adigital system
and thus the bandwidth is higher. With the use of simple Quadrature Amplitude Modulation
(QAM), with the principles explained, for examplein [1], the transmitter adjusts the signal to
carry the desired number of bits per modulation symbol. The resulting spectrum waveform is
a single carrier spectrum, as shown in Figure 4.1, with the spectrum mask influenced (after
filtering) by the pulse shape used.

With the Frequency Division MultipleAccess (FDMA) principle, different userswould then
be using different carriers or sub-carriers, as shown in Figure 4.2, to access the system simul-
taneously having their data modulation around a different center frequency. Care must be now
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taken to create the waveform in such a way that there is no excessive interference between the
carriers, nor should one be required to use extensive guard bands between users.

The use of the multi-carrier principle is shown in Figure 4.3, where data are divided on the
different sub-carriers of one transmitter. The example in Figure 4.3 has a filter bank which
for practical solutions (such as the ones presented later) is usually replaced with Inverse Fast
Fourier Transform (IFFT) for applications where the number of sub-carriers is high. There is
a constant spacing between neighboring sub-carriers. One of the approaches to multi-carrier
is also the dual carrier WCDMA (dual cell HSDPA, as covered in Chapter 13), which sends
two WCDMA next to each other but does not use the principles explained later in this section
for high spectrum utilization.

To address the resulting inefficiency from the possible guard band requirements, the approach
is to choose the system parameters in such a way as to achieve orthogonality between the dif-
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ferent transmissions, and to create the sub-carriers so that they do not interfere with each other
but their spectrums could still overlap in the frequency domain. This is what is achieved with
the Orthogonal Frequency Division Multiplexing (OFDMA) principle, where each of the center
frequencies for the sub-carriers is selected from the set that has such a difference in the frequency
domain that the neighboring sub-carriers have zero value at the sampling instant of the desired
sub-carrier, as shown in Figure 4.4. For LTE, the constant frequency difference between the
sub-carriers has been chosen to be 15kHz in Release 8 (an alternative of 7.5 kHz is planned to
be supported in later releases in connection with broadcast applications such as mobile TV).

The basic principle of OFDMA was already known in the 1950s, at a time when systems
were using analog technology, and making the sub-carriers stay orthogonal as a function of
component variations and temperature ranges was not a trivial issue. Since the widespread use
of digital technology for communications, OFDMA also became more feasible and affordable
for consumer use. During recent years OFDMA technology has been widely adopted in many
areas such as in digital TV (DVB-T and DVB-H) as well as in Wireless Local Area Network
(WLAN) applications.

OFDMA principles have been used in the uplink part of LTE multiple access just as the
SC-FDMA uses many of the OFDMA principles in the uplink direction to achieve high spectral
efficiency, as described in the next section. The SC-FDMA in the current form, covered in a
later section of this chapter, is more novel technology with publications from the late 1990s,
such as those presented in [2] and the references therein.

The overall motivation for OFDMA in LTE and in other systems has been due to the fol-
lowing properties:

good performance in frequency selective fading channels;

low complexity of base-band receiver;

good spectral properties and handling of multiple bandwidths;
link adaptation and frequency domain scheduling;
compatibility with advanced receiver and antenna technologies.

Many of these benefits (with more explanation provided in the following sections) could
only be achieved following the recent developments in the radio access network architecture,
meaning setting the radio related control in the base station (or NodeB in 3GPP terms for

Total transmission bandwidth

Sampling point for a
single sub-carrier

15kHz

—

Zero value for other
sub-carriers

Figure 4.4 Maintaining the sub-carriers’ orthogonality
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WCDMA), and as the system bandwidths are getting larger, beyond 5 MHz, receiver complex-
ity also becomes more of an issue.
The OFDMA also has challenges, such as:

e Tolerance to frequency offset. This was tackled in LTE design by choosing a sub-carrier
spacing of 15kHz, which gives a large enough tolerance for Doppler shift due to velocity
and implementation imperfections.

@ The high Peak-to-Average Ratio (PAR) of the transmitted signal, which requires high lin-
earity in the transmitter. The linear amplifiers have a low power conversion efficiency and
therefore are not ideal for mobile uplinks. In LTE this was solved by using the SC-FDMA,
which enables better power amplifier efficiency.

When looking back, the technology selections carried out for the 3rd generation system in
the late 1990s, the lack of a sensible uplink solution, the need for advanced antenna solutions
(with more than a single antenna) and having radio resource control centralized in the Radio
Network Controller (RNC) were the key factors not to justify the use of OFDMA technology
earlier. There were studies to look at the OFDMA together with CDMA in connection with the
3rd generation radio access studies, such as are covered in [3]. The key enabling technologies
that make OFDMA work better, such as base station based scheduling (Release 5 and 6) and
Multiple Input Multiple Output (MIMO) (Release 7), have been introduced only in the later
phase of WCDMA evolution. These enhancements, which were introduced in WCDMA between
2002 and 2007, allowed the OFDMA technology to be better used than would have been the
case for the simple use of OFDMA only as a modulation method based on a traditional 2nd
generation cellular network without advanced features.

4.3 OFDMA Basics

The practical implementation of an OFDMA system is based on digital technology and more
specifically on the use of Discrete Fourier Transform (DFT) and the inverse operation (IDFT)
to move between time and frequency domain representation. The resulting signal feeding a
sinusoidal wave to the Fast Fourier Transform (FFT) block is illustrated in Figure 4.5. The

Time Domain Frequency Domain

This corresponds to the frequency
of the input sinusoidal wave

-> FFT - |
s
Fundamental frequency
-> \
FFT -> |
¢ wtatat ot f

Figure 4.5 Results of the FFT operation with different inputs
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practical implementations use the FFT. The FFT operation moves the signal from time domain
representation to frequency domain representation. The Inverse Fast Fourier Transform (IFFT)
does the operation in the opposite direction. For the sinusoidal wave, the FFT operation’s output
will have a peak at the corresponding frequency and zero output elsewhere. If the input is a
square wave, then the frequency domain output contains peaks at multiple frequencies as such
a wave contains several frequencies covered by the FFT operation. An impulse as an input to
FFT would have a peak on all frequencies. As the square wave has a regular interval 7, there is
a bigger peak at the frequency 1/T representing the fundamental frequency of the waveform,
and a smaller peak at odd harmonics of the fundamental frequency. The FFT operation can be
carried out back and forth without losing any of the original information, assuming that the
classical requirements for digital signal processing in terms of minimum sampling rates and
word lengths (for the numerics) are fulfilled.

The implementation of the FFT is well researched and optimized (low amount of multiplica-
tions) when one can stay with power of lengths. Thus for LTE the necessary FFT lengths also
tend to be powers of two, such as 512, 1024, etc. From the implementation point of view it is
better to have, for example, a FFT size of 1024 even if only 600 outputs are used (see later the
discussion on sub-carriers), than try to have another length for FFT between 600 and 1024.

The transmitter principle in any OFDMA system is to use narrow, mutually orthogonal sub-
carriers. In LTE the sub-carrier spacing is 15 kHz regardless of the total transmission bandwidth.
Different sub-carriers are orthogonal to each other, as at the sampling instant of a single sub-
carrier the other sub-carriers have a zero value, as was shown in Figure 4.4. The transmitter of
an OFDMA system uses IFFT block to create the signal. The data source feeds to the serial-to-
parallel conversion and further to the IFFT block. Each input for the IFFT block corresponds to
the input representing a particular sub-carrier (or particular frequency component of the time
domain signal) and can be modulated independently of the other sub-carriers. The IFFT block
is followed by adding the cyclic extension (cyclix prefix), as shown in Figure 4.6.

The motivation for adding the cyclic extension is to avoid inter-symbol interference. When
the transmitter adds a cyclic extension longer than the channel impulse response, the effect of
the previous symbol can be avoided by ignoring (removing) the cyclic extension at the receiver.
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Figure 4.6 OFDMA transmitter and receiver
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The cyclic prefix is added by copying part of the symbol at the end and attaching it to the begin-
ning of the symbol, as shown in Figure 4.7. The use of cyclic extension is preferable to simply
a break in the transmission (guard interval) as the OFDM symbol then seems to be periodic.
When the OFDMA symbol now appears as periodic due to cyclic extension, the impact of the
channel ends up corresponding to a multiplication by a scalar, assuming that the cyclic exten-
sion is sufficiently long. The periodic nature of the signals also allows for a discrete Fourier
spectrum enabling the use of DFT and IDFT in the receiver and transmitter respectively.

Typically the guard interval is designed to be such that it exceeds the delay spread in the
environment where the system is intended to be operated. In addition to the channel delay spread,
the impact of transmitter and receiver filtering needs to be accounted for in the guard interval
design. The OFDMA receiver sees the OFDMA symbol coming as through a FIR filter, without
separating individual frequency components like the RAKE receiver as described in [4]. Thus,
similar to the channel delay spread, the length of the filter applied to the signal in the receiver and
transmitter side will also make this overall ‘filtering’ effect longer than just the delay spread.

While the receiver does not deal with the inter-symbol interference, it still has to deal with
the channel impact for the individual sub-carriers that have experienced frequency dependent
phase and amplitude changes. This channel estimation is facilitated by having part of the
symbols as known reference or pilot symbols. With the proper placement of these symbols in
both the time and frequency domains, the receiver can interpolate the effect of the channel to
the different sub-carriers from this time and frequency domain reference symbol ‘grid’. An
example is shown in Figure 4.8.
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Figure 4.7 Creation of the guard interval for the OFDM symbol
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A typical typeof receiver solutionisthe frequency domain equalizer, which basically reverts
the channel impact for each sub-carrier. The frequency domain equalizer in OFDMA simply
multiplies each sub-carrier (with the complex-valued multiplication) based on the estimated
channel frequency response (the phase and amplitude adjustment each sub-carrier has expe-
rienced) of the channel. This is clearly a simpler operation compared with WCDMA and is
not dependent on channel length (Iength of multipath in chips) asis the WCDMA equalizer.
For WCDMA the challenge would be also to increase the chip rate from the current value of
3.84Mcps, asthen the amount of multi-path components separated would increase (depending
on the environment) resulting in the need for more RAKE fingers and contributing heavily to
equalizer complexity.

INWCDMA the channel estimation in the downlink is based on the Common Pilot Channel
(CPICH) and then on pilot symbols on the Dedicated Channel (DCH), which are transmitted
with the spread over the whole transmission bandwidth, and different cells separated by dif-
ferent spreading codes. Asinthe OFDMA system there is no spreading available, other means
must be used to separate the reference symbols between cells or between different antennas.
In the multi-antenna transmission, as discussed in further detail |ater in this chapter, the pilot
symbols have different positions. A particular position used for a pilot symbol for one antenna
is left unused for other antenna in the same cell. Between different cells this blanking is not
used, but different pilot symbol patterns and symbol locations can be used.

The additional tasks that the OFDMA receiver needs to cover are time and frequency
synchronization. Synchronization allows the correct frame and OFDMA symbol timing to be
obtained so that the correct part of the received signal is dropped (cyclic prefix removal). Time
synchronization is typically obtained by correlation with known data samples — based on, for
example, the reference symbols— and the actual received data. The frequency synchronization
estimates the frequency offset between the transmitter and the receiver and with agood estimate
of thefrequency offset between the device and base station, theimpact can be then compensated
both for receiver and transmitter parts. The devicelocksto the frequency obtained from the base
station, asthe device oscillator is not as accurate (and expensive) asthe onein the base station.
The related 3GPP requirements for frequency accuracy are covered in Chapter 11.

Even if in theory the OFDMA transmission has rather good spectral properties, the real
transmitter will cause some spreading of the spectrum dueto imperfections such asthe clipping
in the transmitter. Thus the actual OFDMA transmitter needs to have filtering similar to the
pulse shapefilteringin WCDMA. In the literature thisfiltering is often referred as windowing,
asin the example transmitter shown in Figure 4.9.

An important aspect of the use of OFDMA in a base station transmitter isthat users can be
allocated basically to any of the sub-carriers in the frequency domain. This is an additional
element to the HSDPA scheduler operation, wherethe allocationswere only in thetime domain
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Figure 4.9 OFDMA transmitter with windowing for shaping the spectral mask
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and code domain but always occupied the full bandwidth. The possibility of having different
sub-carriersto allocated users enabl esthe scheduler to benefit from the diversity in thefrequency
domain, this diversity being due to the momentary interference and fading differencesin dif-
ferent parts of the system bandwidth. The practical limitation is that the signaling resolution
due to the resulting overhead has meant that allocation is not done on an individual sub-carrier
basis but is based on resource blocks, each consisting of 12 sub-carriers, thus resulting in the
minimum bandwidth allocation being 180kHz. When the respective allocation resolution in
the time domain is 1 ms, the downlink transmission resource allocation thus means filling the
resource pool with 180kHz blocks at 1 ms resolution, as shown in Figure 4.10. Note that the
resource block in the specifications refersto the 0.5 ms slot, but the resource allocation is done
anyway with the 1ms resolution in the time domain. This element of allocating resources
dynamically in the frequency domain is often referred to as frequency domain scheduling or
frequency domain diversity. Different sub-carriers could ideally have different modulations
if one could adapt the channel without restrictions. For practical reasons it would be far too
inefficient to try either to obtain feedback with 15kHz sub-carrier resolution or to signal the
modulation applied on aindividua sub-carrier basis. Thus parameters such as modulation are
fixed on the resource block basis.

The OFDMA transmission in the frequency domain thus consists of several parallel sub-
carriers, which in the time domain correspond to multiple sinusoidal waveswith different fre-
quenciesfilling the system bandwidth with steps of 15kHz. This causesthe signal envelopeto
vary strongly, as shown in Figure 4.11, compared to a normal QAM modulator, which is only
sending one symbol at atime (in the time domain). The momentary sum of sinusoids leads to
the Gaussian distribution of different peak amplitude values.

This causes some challenges to the amplifier design as, in a cellular system, one should
aim for maximum power amplifier efficiency to achieve minimum power consumption. Figure
4.12 illustrates how a signal with a higher envelope variation (such as the OFDMA signd in
the time domain in Figure 4.11) requires the amplifier to use additional back-off compared to
aregular single carrier signal. The amplifier must stay in the linear area with the use of extra
power back-off in order to prevent problems to the output signal and spectrum mask. The use
of additional back-off leadsto areduced amplifier power efficiency or asmaller output power.
This either causes the uplink range to be shorter or, when the same average output power level
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Figure 410 OFDMA resourceallocationinLTE
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is maintained, the battery energy is consumed faster due to higher amplifier power consump-
tion. The latter is not considered a problem in fixed applications where the device has a large
volume and is connected to the mains, but for small mobile devices running on their own bat-
teries it creates more challenges.

This was the key reason why 3GPP decided to use OFDMA in the downlink direction but
to use the power efficient SC-FDMA in the uplink direction. Further principles of SC-FDMA
are presented in the next section. From the research several methods are known to reduce the
PAR, but of more significance — particularly for the amplifier —is the Cubic Metric (CM), which
was introduced in 3GPP to better describe the impact to the amplifier. The exact definition of
CM can be found from [5].
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An OFDMA system is also sensitive to frequency errors as previously mentioned in section
4.2 . The basic LTE sub-carrier spacing of 15kHz facilitates enough tolerance for the effects
of implementation errors and Doppler effect without too much degradation in the sub-carrier
orthogonality. 3GPP has agreed that for broadcast only (on a dedicated carrier) an optional
7.5kHz sub-carrier spacing can also be used, but full support of the broadcast only carrier is
not part of the LTE Release 8. The physical layer details for the 7.5kHz case principles can
already be found in the 36.2 series specifications of Release 8, but details — especially for the
higher layer operation — are only to be completed for releases after Release 8.

4.4 SC-FDMA Basics

In the uplink direction 3GPP uses SC-FDMA for multiple access, valid for both FDD and
TDD modes of operation. The basic form of SC-FDMA could be seen as equal to the QAM
modulation, where each symbol is sent one at a time similarly to Time Division Multiple Access
(TDMA) systems such as GSM. Frequency domain generation of the signal, as shown in Figure
4.13, adds the OFDMA property of good spectral waveform in contrast to time domain signal
generation with a regular QAM modulator. Thus the need for guard bands between different
users can be avoided, similar to the downlink OFDMA principle. As in an OFDMA system, a
cyclic prefix is also added periodically — but not after each symbol as the symbol rate is faster
in the time domain than in OFDMA - to the transmission to prevent inter-symbol interference
and to simplify the receiver design. The receiver still needs to deal with inter-symbol interfer-
ence as the cyclic prefix now prevents inter-symbol interference between a block of symbols,
and thus there will still be inter-symbol interference between the cyclic prefixes. The receiver
will thus run the equalizer for a block of symbols until reaching the cyclic prefix that prevents
further propagation of the inter-symbol interference.
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Figure 4.13 SC-FDMA transmitter and receiver with frequency domain signal generation
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The transmission occupies the continuous part of the spectrum allocated to the user, and
for LTE the system facilitates a 1 ms resolution allocation rate. When the resource allocation
in the frequency domain is doubled, so is the data rate, assuming the same level of overhead.
The individual transmission (with modulation) is now shorter in time but wider in the fre-
quency domain, as shown in Figure 4.14. The example in Figure 4.14 assumes that in the
new resource allocation the existing frequency resource is retained and the same amount of
additional transmission spectrum is allocated, thus doubling the transmission capacity. In
reality the allocations do not need to have frequency domain continuity, but can take any set
of continuous allocation of frequency domain resources. The practical signaling constraints
define the allowed amount of 180kHz resource blocks that can be allocated. The maximum
allocated bandwidth depends on the system bandwidth used, which can be up to 20 MHz.
The resulting maximum allocation bandwidth is somewhat smaller as the system bandwidth
definition includes a guard towards the neighboring operator. For example, with a 10 MHz
system channel bandwidth the maximum resource allocation is equal to 50 resource blocks
thus having a transmission bandwidth of 9 MHz. The relationship between the Channel
bandwidth (BW, ) and Transmission bandwidth configuration (N,) is covered in more
detail in Chapter 11.

The SC-FDMA resource block for frequency domain signal generation is defined using the
same values used in the OFDMA downlink, based on the 15 kHz sub-carrier spacing. Thus even
if the actual transmission by name is a single carrier, the signal generation phase uses a sub-
carrier term. In the simplest form the minimum resource allocated uses 12 sub-carriers, and is
thus equal to 180 kHz. The complex valued modulation symbols with data are allocated to the
resource elements not needed for reference symbols (or control information) in the resource
block, as shown in Figure 4.15. After the resource mapping has been done the signal is fed to
the time domain signal generation that creates the SC-FDMA signal, including the selected
length of the cyclic prefix. The example in Figure 4.15 assumes a particular length of cyclic
prefix with the two different options introduced in Chapter 5.

As shown in Figure 4.15, reference symbols are located in the middle of the slot. These
are used by the receiver to perform the channel estimation. There are different options for the
reference symbols to be used; sometimes a reference symbol hopping pattern is also used,
as covered in more detail in Chapter 5. Also specifically covered further in Chapter 5 are the
sounding reference signals, which are momentarily sent over a larger bandwidth than needed,
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Figure4.14 Adjusting data rate in a SC-FDMA system
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for the data to give the base station receiver information of a larger portion of the frequency
spectrum to facilitate frequency domain scheduling in the uplink direction.

Different users are thus sharing the resources in the time as well as in the frequency domain.
In the time domain the allocation granularity is 1 ms and in the frequency domain it is 180
kHz. The base station needs to control each transmission so that they do not overlap in the
resources. Also to avoid lengthy guard times, timing advance needs to be used, as presented
in Chapter 5. By modifying the IFFT inputs, the transmitter can place the transmission in the
desired part of the frequency, as shown in Figure 4.16. The base station receiver can detect the
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Figure 4.16 Multiple access with resource sharing in the frequency domain with SC-FDMA and
frequency domain signal generation
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transmission from the correct frequency/time resource. Asall the uplink utilization is based on
the base station scheduling, with the exception of the random access channel, the base station
always knows which user to expect in which resource.

Since we are now transmitting in the time domain only a single modulation symbol at a
time, the system retains its good envelope properties and the waveform characteristics are
now dominated by the modul ation method applied. Thisallows the SC-FDMA to reach avery
low signal PAR or, even more importantly, CM facilitating efficient power amplifiersin the
devices. The value of CM as a function modulation applied is shown in Figure 4.17. The use
of alow CM modulation method such as Quadrature Phase Shift Keying (QPSK) allowsalow
CM value and thus the amplifier can operate close to the maximum power level with minimum
back-off (Figure 4.17). This allows a good power conversion efficiency of the power amplifier
and thus lowers the device power consumption. Note that the pi/2-Binary Phase Shift Keying
(BPSK) was originally considered in 3GPP, but as 3GPP performance requirements are such
that the full (23dBm) power level needs to be reached with QPSK, there are no extra benefits
for the use of pi/2-BPSK; thus, this was eventually not included in the specifications for user
data. The modulation methodsin LTE vary depending on whether the symbols are for physical
layer control information or for higher layer data (user data or higher layer control signaling)
transmission purposes (details in Chapter 5).

The base station receiver for SC-FDMA is slightly more complicated than the correspond-
ing ODFMA receiver on the device side, especially when considering receivers (equalizers)
that can reach a performance corresponding to that of an OFDMA receiver. Thisisthe obvious
consequence of thereceiver having to deal with theinter-symbol interferencethat isterminated
only after ablock of symbolsand not after every (long) symbol asin OFDMA. Thisincreased
need for processing power is, however, not foreseen to be an issue in the base station when
compared to the device design constraints and was clearly considered to be outweighed by the
benefits of the uplink range and device battery life with SC-FDMA.. The benefits of adynamic
resource usagewith a1l msresolutionisalso that thereisno base-band receiver per UE on standby
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but the base station receiver is dynamically used for those users that have data to transmit. In
any case the most resource consuming part both in uplink and downlink receiver chains is the
channel decoding (turbo decoding) with the increased data rates.

4.5 MIMO Basics

One of the fundamental technologies introduced together with the first LTE Release is the
Multiple Input Multiple Output (MIMO) operation including spatial multiplexing as well as
pre-coding and transmit diversity. The basic principle in spatial multiplexing is sending signals
from two or more different antennas with different data streams and by signal processing means
in the receiver separating the data streams, hence increasing the peak data rates by a factor of
2 (or 4 with 4-by-4 antenna configuration). In pre-coding the signals transmitted from the dif-
ferent antennas are weighted in order to maximize the received Signal to Noise Ratio (SNR).
Transmit diversity relies on sending the same signal from multiple antennas with some coding
in order to exploit the gains from independent fading between the antennas. The use of MIMO
has been included earlier in WCDMA specifications as covered in [4], but operating slightly
differently than in LTE as a spreading operation is involved. The OFDMA nature is well suited
for MIMO operation. As the successful MIMO operation requires reasonably high SNR, with
an OFDMA system it can benefit from the locally (in the frequency/time domain) high SNR
that is achievable. The basic principle of MIMO is presented in Figure 4.18, where the differ-
ent data streams are fed to the pre-coding operation and then onwards to signal mapping and
OFDMA signal generation.

The reference symbols enable the receiver to separate different antennas from each other. To
avoid transmission from another antenna corrupting the channel estimation needed for separat-
ing the MIMO streams, one needs to have each reference symbol resource used by a single
transmit antenna only. This principle is illustrated in Figure 4.19, where the reference symbols
and empty resource elements are mapped to alternate between antennas. This principle can also
be extended to cover more than two antennas, with the first LTE Release covering up to four
antennas. As the number of antennas increases, the required SNR also increases the resulting
transmitter/receiver complexity and the reference symbol overhead.

Even LTE uplink supports the use of MIMO technology. While the device is using only
one transmit antenna, the single user data rate cannot be increased with MIMO. The cell level
maximum data rate can be doubled, however, by the allocation of two devices with orthogonal
reference signals. Thus the transmission in the base station is treated like a MIMO transmission,
as shown in Figure 4.20, and the data stream separated with MIMO receiver processing. This

Base station Terminal
Signal j < I/—
— Modulation — — Mapping & ,
Layer Generation - o
Mappin; MIM(
— Demux . dplgre-g P Decoding
i coding Si l /_ -——-—-—-
— Modulation — — Mapping &
Generation

Figure 4.18 MIMO principle with two-by-two antenna configuration
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Figure 4.19 OFDMA reference symbols to support two eNodeB transmit antennas
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Figure 4.20 Multi-user MIMO principle with single transmit antenna devices

kind of ‘virtual” or ‘Multi-user’ MIMO is supported in LTE Release 8 and does not represent
any major implementation complexity from the device perspective as only the reference signal
sequence is modified. From the network side, additional processing is needed to separate the
users from each other. The use of “classical’ two antenna MIMO transmission is not particularly
attractive due to the resulting device impacts, thus discussions on the device support of multi-
antenna device transmission are expected to take place for later 3GPP Releases. The SC-FDMA
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iswell-suited for MIMO use as users are orthogonal (inside the cell) and thus the local SNR
may be very high for users close to the base station.

4.6 Summary

Both OFDMA and SC-FDMA are very much related in terms of technical implementation and
rely ontheuse of FFT/IFFT inthetransmitter and receiver chainimplementation. The SC-FDMA
isused to optimize the range and power consumption in the uplink whilethe OFDMA isusedin
the downlink direction to minimize receiver complexity, especially with large bandwidths, and
to enabl e frequency domain scheduling with flexibility in resource alocation. Multiple antenna
operation with spatial multiplexing has been afundamental technology of LTE from the outset,
and iswell suited for LTE multiple access solutions. The mathematical principles of OFDMA
and SC-FDMA were not included in this chapter, but can be found from different text books,
some of which areincluded in the references, e.g. [7] for OFDMA and [8] for SC-FDMA.
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5

Physical Layer

Antti Toskala, Timo Lunttila, Esa Tiirola, Kari Hooli and Juha Korhonen

5.1 Introduction

In this chapter the physical layer of LTE is described, based on the use of OFDMA and
SC-FDMA principles as covered in Chapter 4. The LTE physical layer is characterized by the
design principle of resource usage based solely on dynamically allocated shared resources
rather than having dedicated resources reserved for a single user. This has an analogy with the
resource usage in the internet, which is packet based without user specific resource allocation.
The physical layer of a radio access system has a key role in defining the resulting capacity
and becomes a focal point when comparing different systems for expected performance. Of
course a competitive system requires an efficient protocol layer to ensure good performance
through to both the application layer and the end user. The flat architecture adopted, as covered
in Chapter 3, also enables the dynamic nature of the radio interface because all radio resource
control is located close to the radio in the base station site. The 3GPP term for the base station
used in this chapter is eNodeB (different to the WCDMA BTS term, which is Node B; e stands
for “evolved’). This chapter first covers the physical channel structures and then introduces
the channel coding and physical layer procedures. It concludes with a description of physical
layer measurements and device capabilities as well as a brief look at aspects of the parameter
configuration of the physical layer. In 3GPP specifications the physical layer was covered in
36.2 series, with the four key physical layer specifications being [1-4]. Many of the issues
in this chapter are valid to both FDD and TDD, but in some areas TDD has special solutions
because the frame is divided between uplink and downlink. The resulting differences needed
for a TDD implementation are covered in Chapter 12.

5.2 Transport Channels and Their Mapping to the Physical Channels

By the nature of the design already discussed, the LTE contains only common transport chan-
nels; a dedicated transport channel (Dedicated Channel, DCH, as in WCDMA) does not exist.
The transport channels are the ‘interface’ between the Medium Access Control (MAC) layer
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and the physical layer. Each transport channel is characterized by the related physical layer
processing applied to the corresponding physical channels used to carry the transport channel
in question. The physical layer needs to be able to provide dynamic resource assignment both
for data rate variance and for resource division between different users. This section presents
the transport channels and their mapping to the physical channels.

e Broadcast Channel (BCH) is a downlink broadcast channel that is used to broadcast the
necessary system parameters to enable devices accessing the system (and to identify the
operator). Such parameters include, for example, random access related parameters that
inform the device about which resource elements are reserved for random access opera-
tion.

e Downlink Shared Channel (DL-SCH) carries the user data for point-to-point connections in
the downlink direction. All the information (either user data or higher layer control informa-
tion) intended for only one user or UE is transmitted on the DL-SCH, assuming the UE is
already in the RRC_CONNECTED state. As in LTE, however, the role of BCH is mainly
for informing the device of the scheduling of the system information; control information
intended for multiple devices is carried on DL-SCH as well. In case data on DL-SCH are
intended for a single UE only, then dynamic link adaptation and physical layer retransmis-
sions can be used.

e Paging Channel (PCH) is used for carrying the paging information for the device in the down-
link direction to move the device from a RRC_IDLE state to a RRC_CONNECTED state.

e Multicast Channel (MCH) is used to transfer multicast service content to the UE in the
downlink direction. 3GPP has decided to postpone the full support beyond Release 8.

e Uplink Shared Channel (uplink-SCH) carries the user data as well as device originated
control information in the uplink direction in the RRC_CONNECTED state. Similar to the
DL-SCH, dynamic link adaptation and retransmissions are available.

e Random Access Channel (RACH) is used in the uplink to respond to the paging message or
to initiate the move from/to the RRC_CONNECTED state according to UE data transmission
needs. There is no higher layer data or user data transmitted on RACH (such as can be done
with WCDMA) but it is used just to enable uplink-SCH transmission where, for example,
actual connection set-up with authentication, etc. will take place.

In the uplink direction the uplink-SCH is carried by the Physical Uplink Shared Channel
(PUSCH). Correspondingly, the RACH is carried by the Physical Random Access Channel
(PRACH). An additional physical channel exists but it is used only for physical layer control
information transfer (as covered in connection with section 5.6 on control information). Uplink
transport channel mapping to physical channels is illustrated in Figure 5.1.

In the downlink direction the PCH is mapped to the Physical Downlink Shared Channel
(PDSCH). The BCH is mapped to Physical Broadcast Channel (PBCH), but as shown in Chapter
6 for the mapping of logical channels to transport channels, only part of the broadcasted param-

MAC RACH UL-SCH
L1 PRACH PUSCH

Figure 5.1 Mapping of the uplink transport channels to the physical channels
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L1  PBCH \ PDSCH PMCH

Figure 5.2 Mapping of the downlink transport channels to the physical channels

eters are on BCH while the actual System Information Blocks (SIBs) are then on DL-SCH. The
DL-SCH is mapped to the PDSCH and MCH is mapped to the Physical Multicast Channel,
as shown in Figure 5.2.

5.3 Modulation

In the uplink direction the modulation is the more traditional Quadrature Amplitude Modulation
(QAM) modulator, as was explained in Chapter 4. The modulation methods available (for user
data) are Quadrature Phase Shift Keying (QPSK), 16QAM and 64QAM. The first two are avail-
able in all devices while the support for 64QAM in the uplink direction is a UE capability, as
covered in section 5.10. The different constellations are shown in Figure 5.3.

The PRACH modulation is phase modulation as the sequences used are generated from
Zadoff-Chu sequences with phase differences between different symbols of the sequences
(see section 5.7 for further details). Depending on the sequence chosen, the resulting Peak-
to-Average Ratio (PAR) or the more practical Cubic Metric (CM) value is somewhat lower or
higher compared to the QPSK value. In the uplink direction, the CM signal was discussed in
Chapter 4 with SC-FDMA.

The use of QPSK modulation allows good transmitter power efficiency when operating at
full transmission power as modulation determines the resulting CM (for SC-FDMA) and thus
also the required device amplifier back-off. The devices will use lower maximum transmitter
power when operating with 16QAM or 64QAM modulation.

In the downlink direction, the modulation methods for user data are the same as in the uplink
direction. In theory an OFDM system could use different modulations for each sub-carrier. To
have channel quality information (and signaling) with such a granularity would not be feasible
due to the resulting excessive overhead. If modulation was sub-carrier specific, there would
be too many bits in the downlink for informing the receiver of parameters for each sub-carrier
and in the uplink the Channel Quality Indicator (CQI) feedback would need to be too detailed
to achieve sub-carrier level granularity in the adaptation.

QPsK 16QAM 64Q0AM

2 bits/symbol 4 bits/symbol 6 bits/symbol
L] L] L] L] L] L] : : : ::
ceeles

Figure 5.3 LTE modulation constellations
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Also Binary Phase Shift Keying (BPSK) has been specified for control channels, which use
either BPSK or QPSK for control information transmission. For a control channel, the modula-
tion cannot be freely adapted as one needs to be able to receive them, and a single signaling
error must not prevent detecting later control channel messages. This is similar to HSDPA/
HSUPA where the control channels have fixed parameterization to prevent error propagation
due to frame loss events. The exception is the uplink control data when multiplexed together
with the user data — there modulation for data and control is the same — even if 16QAM or
64QAM would be used. This allows the multiplexing rules to be kept simpler.

5.4 Uplink User Data Transmission

The user data in the uplink direction is carried on the PUSCH, which has a 10 ms frame struc-
ture and is based on the allocation of time and frequency domain resources with 1 ms and
180kHz resolution. The resource allocation comes from a scheduler located in the eNodeB, as
illustrated in Figure 5.4. Thus there are no fixed resources for the devices, and without prior
signaling from the eNodeB only random access resources may be used. For this purpose the
device needs to provide information for the uplink scheduler of the transmission requirements
(buffer status) it has as well as on the available transmission power resources. This signaling
is MAC layer signaling and is covered in detail in Chapter 6.

The frame structure adopts the 0.5 ms slot structure and uses the 2 slot (1 subframe) alloca-
tion period. The shorter 0.5 ms allocation period (as initially planned in 3GPP to minimize the
round trip time) would have been too signal intensive especially with a large number of users.
The 10 ms frame structure is illustrated in Figure 5.5. The frame structure is basically valid for
both for FDD and TDD, but TDD mode has additional fields for the uplink/downlink transition
point(s) in the frame, as covered in Chapter 12.

Within the 0.5 ms slot there are both reference symbols and user data symbols, in addition
to the signaling, covered in a later section. The momentary user data rate thus varies as a func-
tion of the uplink resource allocation depending on the allocated momentary bandwidth. The

Uplink Control (((' E’)))
UE 1 Transmitter

e '

frequency Transmissions at
% eNodeB Receiver
UE 2 Transmitter _“_
frequency
J_:

frequency

eNodeB with scheduler

Figure 5.4 Uplink resource allocation controlled by eNodeB scheduler
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0.5 ms slot
—A—

10 ms frame

Figure 5.5 LTE FDD frame structure

allocation bandwidth may be between 0 and 20 MHz in the steps of 180kHz. The allocation is
continuous as uplink transmission is FDMA modulated with only one symbol being transmit-
ted at a time. The slot bandwidth adjustment between consecutive TTIs is illustrated in Figure
5.6, where doubling the data rate results in double the bandwidth being used. The reference
symbols always occupy the same space in the time domain and thus a higher data rate results
in a corresponding increase for the reference symbol data rate.

The cyclic prefix used in uplink has two possible values depending on whether a short or
extended cyclic prefix is applied. Other parameters stay unchanged and thus the 0.5 ms slot can
accommodate either six or seven symbols as indicated in Figure 5.7. The data payload is reduced
if an extended cyclic prefix is used, but it is not used frequently as usually the performance
benefit in having seven symbols is far greater than the possible degradation from inter-symbol
interference due to channel delay spread longer than the cyclic prefix.

Reference signals
SC-FDMA

Symbol duration

s

Y

Zero data rate Double data rate

(no allocation)

Figure 5.6 Data rate between TTIs in the uplink direction

D]]:MJDD Symbol 66.68 Lis

5.21ps
H—’\DI' Extended cyclic prefix
0.5 ms slot 16.67 ps

Figure 5.7 Uplink Slot structure with short and extended cyclic prefix
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The resulting instantaneous uplink data rate over a 1 ms subframe is a function of the
modulation, the number of resource blocks allocated, and the amount of control informa-
tion overhead as well as of the rate of channel coding applied. The range of the instanta-
neous uplink peak data rate when calculated from the physical layer resources is between
700 kbps and 86 Mbps. There is no multi-antenna uplink transmission specified in Release
8, as using more than one transmitter branch in a UE is not seen as that attractive from the
cost and complexity perspective. The instantaneous data rate for one UE depends on the
LTE uplink from:

e Modulation method applied, with 2, 4 or 6 bits per modulations symbol depending on the
modulation order for QPSK, 16QAM and 64QAM respectively.

e Bandwidth applied. For 1.4 MHz, the overhead is the largest due to the common channels
and synchronization signals. The momentary bandwidth may of course vary between the
minimum allocation of 12 sub-carriers (one resource block of 180kHz) and the system
bandwidth, up to 1200 sub-carriers with a 20 MHz bandwidth.

o Channel coding rate applied.

e The average data rate then depends on the time domain resource allocation as well.

The cell or sector specific maximum total data throughput can be increased with the Virtual
Multiple Input Multiple Output (V-MIMO). In V-MIMO the eNodeB will treat transmission
from two different UEs (with a single transmit antenna each) as one MIMO transmission and
separate the data streams from each other based on the UE specific uplink reference symbol
sequences. Thus V-MIMO does not contribute to the single user maximum data rate. The maxi-
mum data rates taking into account the UE categories are presented in section 5.10, while the
maximum data rates for each bandwidth are covered in Chapter 9.

The channel coding chosen for LTE user data was turbo coding. The encoder is Parallel
Concatenated Convolution Coding (PCCC) type turbo encoder, exactly the same as in WCDMA/
HSPA, as explained in [5]. The turbo interleaver of WCDMA was modified to better fit LTE
properties and slot structures and also to allow more flexibility for implementation of parallel
signal processing with increased data rates.

LTE also uses physical layer retransmission combining, often referred to as Hybrid Adaptive
Repeat and Request (HARQ). In a physical layer HARQ operation the receiver also stores the
packets with failed CRC checks and combines the received packet when a retransmission is
received. Both soft combining with identical retransmissions and combining with incremental
redundancy are facilitated.

The channel coding chain for uplink is shown in Figure 5.8, where the data and control
information are separately coded and then mapped to separate symbols for transmission. As
the control information has specific locations around the reference symbols, the physical
layer control information is separately coded and placed in a predefined set of modulation
symbols (but with the same modulation as if the data were transmitted together). Thus the
channel interleaver in Figure 5.8 does not refer to truly joint interleaving between control
and data.

The data and control information are time multiplexed in the resource element level. Control
is not evenly distributed but intended to be either closest for the reference symbols in time
domain or then filled in the top rows of Figure 5.9, depending on the type of control informa-
tion (covered in section 5.6). Data are modulated independently of the control information, but
modulation during the 1ms TTI is the same.
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Figure 5.9 Multiplexing of uplink control and data

The user data rate in the downlink direction is carried on the Physical Downlink Shared Channel
(PDSCH). The same 1 ms resource allocation is also valid in the downlink direction. The sub-
carriers are allocated to resource units of 12 sub-carriers resulting in 180kHz allocation units
(Physical Resource Blocks, PRBs). With PDSCH, however, as the multiple access is OFDMA,
each sub-carrier is transmitted as a parallel 15kHz sub-carrier and thus the user data rate is
dependent on the number of allocated sub-carriers (or resource blocks in practice) for a given
user. The eNodeB carries out the resource allocation based on the Channel Quality Indicator
(CQI) from the terminal. Similarly to the uplink, the resources are allocated in both the time
and the frequency domain, as illustrated in Figure 5.10.
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Figure 5.10 Downlink resource allocation at eNodeB

The Physical Downlink Control Channel (PDCCH) informs the device which resource blocks
are allocated to it, dynamically with 1 ms allocation granularity. PDSCH data occupy between 3
and 6 symbols per 0.5 ms slot depending on the allocation for PDCCH and depending whether
a short or extended cyclic prefix is used. Within the 1 ms subframe, only the first 0.5 ms slot
contains PDCCH while the second 0.5 ms slot is purely for data (for PDSCH). For an extended
cyclic prefix, 6 symbols are accommodated in the 0.5ms slot, while with a short cyclic prefix
7 symbols can be fitted, as shown in Figure 5.11. The example in Figure 5.11 assumes there
are 3 symbols for PDCCH but this can vary between 1 and 3. With the smallest bandwidth of
1.4 MHz the number of symbols varies between 2 and 4 to enable sufficient signaling capacity
and enough bits to allow for good enough channel coding in range critical cases.

10 ms Radio Frame
1 ms Downlink Sub-frame
ol 11215 17 | 18 | 19
- S Te-o
,,r \\ “~~~~~
o A Data Symbei3
“Control Symbols Data Symbols > ata sTe~s
”/ oio ymbols Kn N ym -~
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carriers
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Figure 5.11 Downlink slot structure for bandwidths above 1.4 MHz
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In addition to the control symbols for PDCCH, space from the user data is reduced due to
the reference signals, synchronization signals and broadcast data. As discussed in Chapter 4,
due to channel estimation it is beneficial when the reference symbols are distributed evenly in
the time and frequency domains. This reduces the overhead needed, but requires some rules to
be defined so that both receiver and transmitter understand the resource mapping in a similar
manner. From the total resource allocation space over the whole carrier one needs to account
for common channels, such as PBCH, that consume their own resource space. In Figure 5.12
an example of PDCCH and PDSCH resource allocation is presented. Note that the reference
symbol placement in Figure 5.12 is purely illustrative and does not represent an actual refer-
ence symbol pattern.

The channel coding for user data in the downlink direction was also 1/3-rate turbo coding,
as in the uplink direction. The maximum block size for turbo coding is limited to 6144 bits
to reduce the processing burden, higher allocations are then segmented to multiple encoding
blocks. Higher block sizes would not add anything to performance as the turbo encoder per-
formance improvement effect for big block sizes has been saturated much earlier. Besides the
turbo coding, downlink also has the physical layer HARQ with the same combining methods
as in the uplink direction. The device categories also reflect the amount of soft memory avail-
able for retransmission combining. The downlink encoding chain is illustrated in Figure 5.13.
There is no multiplexing to the same physical layer resources with PDCCH as they have their
own separate resources during the 1 ms subframe.

Once the data have been encoded, the code words are provided onwards for scrambling and
modulation functionality. The scrambling in the physical layer should not be confused with
ciphering functionality but is just intended to avoid the wrong device successfully decoding
the data should the resource allocations happen to be identical between cells. The modulation
mapper applies the desired modulation (QPSK, 16QAM or 64QAM) and then symbols are fed
for layer mapping and pre-coding. For multiple transmit antennas (2 or 4) the data are then
divided into as many different streams and then mapped to correct resource elements available
for PDSCH and then the actual OFDMA signal is generated, as shown in Figure 5.14 with an
example of 2 antenna transmission. Should there be only a single transmit antenna available,

Reference
Signals

poccH ™ ppscH
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h
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Figure 5.12 Example of downlink resource sharing between PDCCH and PDSCH
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then obviously the layer mapping and pre-coding functionalities do not have a role in signal

transmission.

The resulting instantaneous data rate for downlink depends on:

e Modulation, with the same methods possible as in the uplink direction.
e Allocated amount of sub-carriers. Note that in the downlink the resource blocks are not nec-
essary having continuous allocation in the frequency domain. The range of allocation is the
same as in the uplink direction from 12 sub-carriers (180kHz) up to the system bandwidth

with 1200 sub-carriers.
e Channel encoding rate.

o Number of transmit antennas (independent streams) with MIMO operation.
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The instantaneous peak data rate for downlink (assuming all resources to a single user and
counting only the physical layer resources available) ranges between 0.7 Mbps and 170 Mbps.
Even 300 Mbps or higher could be expected if using 4-by-4 antenna MIMO operation. There
is no limit on the smallest data rate, and should the smallest allocation unit (1 resource block)
be too high, then padding could be applied. Section 5.10 presents the maximum data rates
taking the UE categories into account. The possible data rates for different bandwidth/coding/
modulation combinations are presented in Chapter 9.

5.6 Uplink Physical Layer Signaling Transmission

Uplink Layer 1/Layer 2 (L1/L2) control signaling is divided into two classes in the LTE
system:

e control signaling in the absence of uplink data, which takes place on PUCCH (Physical
Uplink Control Channel);

e control signaling in the presence of uplink data, which takes place on PUSCH (Physical
Uplink Shared Channel).

Due to single carrier limitations, simultaneous transmission of PUCCH and PUSCH is not
allowed. This means that separate control resources are defined for the cases with and without
uplink data. Alternatives considered were parallel transmission in the frequency domain (bad
for the transmitter envelope) or pure time division (bad for control channel coverage). The
selected approach maximizes the link budget for PUCCH and always maintains the single
carrier properties on the transmitted signal.

PUCCH is a shared frequency/time resource reserved exclusively for User Equipment (UE)
transmitting only L1/L2 control signals. PUCCH has been optimized for a large number of
simultaneous UEs with a relatively small number of control signaling bits per UE.

PUSCH carries the uplink L1/L2 control signals when the UE has been scheduled for data
transmission. PUSCH is capable of transmitting control signals with a large range of supported
signaling sizes. Data and different control fields such as ACK/NACK and CQI are separated
by means of Time Division Multiplexing (TDM) by mapping them into separate modulation
symbols prior to the Discrete Fourier Transform (DFT). Different coding rates for control are
achieved by occupying a different number of symbols for each control field.

There are two types of uplink L1 and L2 control-signaling information, as discussed in [6]:

e data-associated signaling (e.g. transport format and HARQ information), which is associated
with uplink data transmission;

e data-non-associated signaling (ACK/NACK due to downlink transmissions, downlink CQI,
and scheduling requests for uplink transmission).

It has been decided that there is no data-associated control signaling in the LTE uplink.
Furthermore, it is assumed that eNodeB is not required to perform blind transport format detec-
tion. Basically this means that UE just obeys the uplink scheduling grant with no freedom in
transport format selection. Furthermore, there is a new data indicator (1 bit) together with implicit
information about the redundancy version included in the uplink grant [7]. This guarantees that
the eNodeB always has exact knowledge about the uplink transport format.
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5.6.1 Physical Uplink Control Channel (PUCCH)

From the single UE perspective, PUCCH consists of a frequency resource of one resource block
(12 sub-carriers) and a time resource of one subframe. To handle coverage-limited situations,
transmission of ACK/NACK spans the full 1 ms subframe. Furthermore, to support situations
where coverage is extremely limited it has been agreed that ACK/NACK repetition is supported
in the LTE uplink. Slot-based frequency hopping on the band edges symmetrically over the center
frequency is always used on PUCCH, as shown in Figure 5.15. Frequency hopping provides
the necessary frequency diversity needed for delay critical control signaling.

Different UEs are separated on PUCCH by means of Frequency Division Multiplexing
(FDM) and Code Division Multiplexing (CDM). FDM is used only between the resource blocks
whereas CDM is used inside the PUCCH resource block.

Two ways to realize CDM inside the PUCCH resource block are:

e CDM by means of cyclic shifts of a Constant Amplitude Zero Autocorrelation Codes
(CAZAC)' sequence;
o CDM by means of block-wise spreading with the orthogonal cover sequences.

The main issue with CDM is the well-known near—far problem. Orthogonality properties
of the considered CDM techniques were carefully studied during the Work Item phase of LTE
standardization. We note that:

e channel delay spread limits the orthogonality between cyclically shifted CAZAC
sequences;
e channel Doppler spread limits the orthogonality between block-wise spread sequences.

Orthogonality properties are optimized by means of a staggered and configurable channeliza-
tion arrangement (see more details in section 5.6.2), proper configuration of block spreading,
and a versatile randomization arrangement including optimized hopping patterns used for the
control channel resources and the applied CAZAC sequences.

F Resource block

system
bandwidth

Figure5.15 PUCCH resource

tThe applied sequences are not true CAZAC but computer searched Zero-Autocorrelation (ZAC)
sequences. The same sequences are applied as reference signals with a bandwidth allocation of one
resource block.
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Figure 5.16 Block diagram of CAZAC sequence modulation applied for CQI

5.6.1.1 Sequence Modulation

Control signaling on PUCCH is based on sequence modulation. Cyclically shifted CAZAC
sequences take care of both CDM and conveying the control information. A block diagram of
the sequence modulator configured to transmit periodic CQI on PUCCH is shown in Figure
5.16. On the PUCCH application CAZAC sequences with a length of 12 symbols (1resource
block) are BPSK or QPSK modulated, thus carrying one or two information bits per sequence.
Different UEs can be multiplexed into the given frequency/time resource by allocating different
cyclic shifts of the CAZAC sequence for them. There are six parallel channels available per
resource block, assuming that every second cyclic shift is in use.

5.6.1.2 Block-wise Spreading

Block-wise spreading increases the multiplexing capacity of PUCCH by a factor of the spreading
factor (SF) used. The principle of block-wise spreading is shown in Figure 5.17, which illustrates

Sequence
modulator

Tmodulated AN sequence

T 1 T 1
w ?m? w2—> ws»i‘?

AN _JT AN JT RS JT RS JT RS JT AN T AN ]

slot

Figure 5.17  Principle of block spreading applied for ACK/NACK, spreading SF=4
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the block spreading operation made for an ACK/NACK data sequence transmitted on PUCCH.
A separate block spreading operation is made for the reference signal and the ACK/NACK data
parts but for simplicity, block processing related to the Reference Symbol (RS) part is neglected
in Figure 5.17. In the example in Figure 5.17, the spreading factor applied for the ACK/NACK
data and RS parts is equal to 4 and 3 respectively. Walsh-Hadamard codes are used as block
spreading codes with SF=4 and SF=2, whereas DFT codes are used when SF=3.

5.6.1.3 PUCCH Formats

The available PUCCH formats are summarized in Table 5.1. PUCCH Format 1/1a/1b is based
on the combination of CAZAC sequence modulation and block-wise spreading whereas PUCCH
Format 2/2a/2b uses only CAZAC sequence modulation. As a result, Format 1/1a/1b can only
carry one information symbol (1 to 2 bits) per slot while Format 2/2a/2b is capable of convey-
ing 5 symbols per slot (20 coded bits + ACK/NACK per subframe). With Format 2/2a/2b, the
CQI data are encoded using a punctured (20, N) Reed—Muller block code.

The supported control signaling formats were selected based on a careful evaluation process.
The main issues of the evaluation phase were the link performance and multiplexing capacity
as well as compatibility with other formats. It is also noted that the number of reference signal
blocks were optimized separately for different formats.

Two different approaches were selected for signaling the ACK/NACK and CQI on PUCCH
(Format 2a/2b):

o Normal cyclic prefix: ACK/NACK information is modulated in the second CQI reference sig-
nals of the slot. The RS modulation follows the CAZAC sequence modulation principle.

e Extended cyclic prefix: ACK/NACK bits and the CQI bits are jointly coded. No information
is embedded in any of the CQI reference signals.

The main reason for having different solutions for normal and extended cyclic prefix lengths
was that with an extended cyclic prefix there is only one reference signal per slot and hence
the method used with the normal cyclic prefix cannot be used.

Support of Format 2a/2b is made configurable in the LTE uplink system. In order to guarantee
ACK/NACK coverage, the eNodeB can configure a UE to drop the CQIl when ACK/NACK
and CQI would appear in the same subframe on PUCCH. In this configuration, Format 1a/1b
is used instead of Format 2a/2b.

Table5.1 PUCCH formats

PUCCH Control type Modulation (data Bit rate (raw bits/ Multiplexing
Formats part) subframe) capacity (UE/RB)
1 Scheduling request Unmodulated — (on/off keying) 36, 18*, 12

la 1-bit ACK/NACK BPSK 1 36, 18*, 12

1b 2-bit ACK/NACK QPSK 2 36, 18*,12

2 CQl QPSK 20 12, 6%, 4
2a CQI +1-bit ACK/NACK  QPSK 21 12, 6*, 4
2b CQI + 2-bit ACK/NACK  QPSK 22 12, 6*, 4

*Typical value
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5.6.1.4 Scheduling Request

One of the new features of the LTE uplink system is the support of fast uplink scheduling
request mechanism for the active mode UE (RRC_CONNECTED) being synchronized by
the eNodeB but having no valid uplink grant on PUSCH available. The supported scheduling
request procedure is presented in Figure 5.18 [8].

The UE indicates the need for an uplink resource by a Scheduling Request Indicator
(SRI). During the Release 8 LTE standardization process, the contention based synchronized
RACH and non-contention based SRI mechanisms were compared. It was pointed out that a
non-contention based approach is better suited to LTE uplink usage because it provides better
coverage, a smaller system overhead and better delay performance than a non-contention based
approach [9].

The SRI is transmitted using PUCCH Format 1. On-off keying based signaling is applied
with SRI, i.e. only the positive SRI is transmitted. The positive SRI is transmitted using the
ACK/NACK structure [1], the only difference between the SRI and the ACK/NACK formats
is that with SRI the data part is not modulated. The benefit of this arrangement is that SRI and
ACK/NACK can share the same physical resources.

5.6.2 PUCCH Configuration

Figure 5.19 shows the logical split between different PUCCH formats and the way in which the
PUCCH is configured in the LTE specifications [1]. The number of resource blocks in a slot
reserved for PUCCH transmission is configured by the N 2i°-parameter. This broadcasted system
parameter can be seen as the maximum number of resource blocks reserved for PUCCH while
actual PUCCH size changes dynamically based on Physical Control Format Indicator Channel
(PCFICH) transmitted on the downlink control channel. The parameter is used to define the
frequency hopping PUSCH region. The number of resource blocks reserved for periodic CQI
(i.e. PUCCH Format 2/2a/2b) is configured by another system parameter, N 2.

In general it makes sense to allocate separate PUCCH resource blocks for PUCCH Format
1/1a/1b and Format 2/2a/2b. With narrow system bandwidth options such as 1.4 MHz, however,
this would lead to unacceptably high PUCCH overhead [10]. Therefore, sharing the PUCCH
resources block between Format 1/1a/1b and Format 2/2a/2b users is supported in the LTE
specifications. The mixed resource block is configured by the broadcasted system parameter
N{, which is the number of cyclic shifts reserved for PUCCH Format 1/1a/1b on the mixed
PUCCH resource block.

UE eNB

asynchronous

p——————Scheduling Request Indicalor—b}
g—————————Uplink Scheduling Grant

f———————Scheduling Request + Datam——

Figure 5.18 Scheduling request procedure
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Figure 5.19 PUCCH configuration

Resources used for transmission of PUCCH Format 2/2a/2b are identified by a resource
index nl(’%.)JCCH’ which is mapped directly into a single CS resource. This parameter is explicitly
signaled via UE-specific higher layer signaling.

5.6.2.1 Channelization and Resource Allocation for PUCCH Format 1/1a/1b

PUCCH Format 1/1a/1b resources are identified by a resource index nI(,BCCH. Direct mapping
between the PUCCH cyclic shifts and the resource indexes cannot be used with PUCCH
Format 1/1a/1b due to the block spreading operation. Instead, PUCCH channelization is used
to configure the resource blocks for PUCCH Format 1/1a/1b. The purpose of the channelization
is to provide a number of parallel channels per resource block with optimized and adjustable
orthogonality properties. Format 1/1a/1b channelization structure is configured by means of
broadcasted system parameter, Delta_shift.

The number of PUCCH format 1/1a/1b resources per resource block, denoted as
N st Formar1» €0 be calculated as follows:

PUCCH
N:g(x'ﬂf‘ml = N—RS *12, (5.1
Delta shift
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where the Delta_shift parameter is the cyclic shift difference between two adjacent ACK/
NACK resources using the same orthogonal cover sequence [11], and parameter N5/°“" is the
number of reference signals on PUCCH Format 1/1a/1b (N/5°°" =3 with normal CP and 2 with
extended CP). Three values are allowed for the Delta_shift parameter, namely 1, 2 or 3. This
means that the number of PUCCH Format 1/1a/1b resources per resource block equals 36, 18
or 12, with normal CP length.

An example of the PUCCH channelization within the resource block following the stag-
gered resource structure is shown in Figure 5.20. In this example, Delta_shift is set to 2 and
normal CP length is assumed.

The configuration of the PUCCH Format 1/1a/1b resource is shown in Figure 5.21. PUCCH
Format 1/1a/1b resources are divided into available PUCCH resource blocks and are subject to

Cyclic Orthogonal cover code
shift 0 1 2
0 0 12
1 6
2 1 13
3 7
4 2 14
5 8
6 3 15
7 9
8 4 16
9 10
10 5 17
11 11

Figure 5.20 Principle of Format 1/1a/1b channelization within one resource block, Delta_shift=2,
normal CP

PUCCH Format 1/1a/1b
resources, néﬂCCH

7 Number of resources
L, 7 reserved for Persistent
Logical PUCCH Cyclic L ACK/NACK and SR,
RBindex (m) | shift(cs) [~ -7 configured by N§) e
0 P
A
11
% NPUCCH %12 A
L _RS &
— Delta_ shift
A
0
= PUCCH Format 1a/1b
— resources reserved for
a1 dynamic ACK/NACK
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Figure 5.21 Configuration of PUCCH Format 1/1a/1b resource
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channelization within the resource block as described earlier. Before that, the Format 1/1a/1b
resource is split into persistent and dynamic parts. This is achieved using the broadcasted
system parameter N5, Which is the number of resources reserved for persistent Format
1/1a/1b resources. These resources are used by the SRI and ACK/NACK related to persistently
scheduled PDSCH. Both resources are allocated explicitly by resource index n)).,,- Dynamic
Format 1/1a/1b resources are placed at the end of logical PUCCH resources. Allocation of these
ACK/NACK resources, which relate to dynamically scheduled PDSCH, is made implicitly
based on the PDCCH allocation.

The idea of implicit allocation in dynamic ACK/NACK resources is to have one-to-one map-
ping to the lowest PDCCH Control Channel Element (CCE) index. The total number of CCEs
depends on the system bandwidth and the number of OFDM symbols allocated for control
signaling in a downlink subframe, which is signaled in each subframe using PCFICH (1, 2 or
3 OFDM symbols/subframe for bandwidths above 1.4 MHz, with 2, 3 or 4 OFDM symbols
occupied for 1.4 MHz). There has to be a dedicated ACK/NACK resource for each CCE. This
means that, for example, with a 20 MHz system bandwidth the number of CCEs can be up to
80 if three OFDM symbols are allocated for control signaling in a subframe.

5.6.2.2 Mapping of Logical PUCCH Resource Blocks into Physical PUCCH Resource
Blocks

Mapping of logical resource blocks, denoted as m, into physical PUCCH resource blocks is
shown in Figure 5.22. Taking into account the logical split between different PUCCH Formats,
we note that PUCCH Format 2/2a/2b is located at the outermost resource blocks of the system
bandwidth. ACK/NACK reserved for persistently scheduled PDSCH and SRI are located on
the PUCCH resource blocks next to periodic CQI while the ACK/NACK resources reserved
to dynamically scheduled PDSCH are located at the innermost resource blocks reserved for
PUCCH.

An interesting issue from the system perspective is the fact that PUCCH defines the uplink
system bandwidth. This is because PUCCH always exists and is located at both edges of the
frequency spectrum. We note that proper PUCCH configuration allows narrowing down the
active uplink system bandwidth by the resolution of two resource blocks. This can be made
so that the PUCCH Format 2/2a/2b resource is over-dimensioned and at the same time the
pre-defined PUCCH Format 2/2a/2b resources placed at the outermost resource blocks are left
unused. Figure 5.23 shows the principle of this configuration.

4 m=1 m=0 }
m=3 m=2 \
system .
bandwidth . PUCCH
m=2 m=3 } /
v m=0 m=1
|

Figure5.22 Mapping of logical PUCCH RBs into physical RBs [1]
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Figure 5.23  Changing the uplink system bandwidth via PUCCH configuration

5.6.3 Control Signaling on PUSCH

PUSCH carries the uplink L1/L2 control signals in the presence of uplink data. Control signal-
ing is realized by a dedicated control resource, which is valid only during the uplink subframe
when UE has been scheduled for data transmission on PUSCH. The main issues related to
control signal design on PUSCH are:

e how to arrange multiplexing between uplink data and different control fields;
e how to adjust the quality of L1/L2 signals transmitted on PUSCH.

Figure 5.24 shows the principle of control and data multiplexing within the SC-FDMA symbol
(block). To maintain the single carrier properties, transmitted signal data and different control
symbols are multiplexed prior to the DFT. Data and different control fields (ACK/NAK, CQl/
Pre-coding Matrix Indicator [PMI], Rank Indicator [RI1]) are coded and modulated separately
before multiplexing them into the same SC-FDMA symbol block. Block level multiplexing
was also considered, but would have resulted in too large a control overhead [12]. Using the
selected symbol level multiplexing scheme the ratio between the data symbols and control
symbols can be accurately adjusted within each SC-FDMA block.

Figure 5.25 shows the principle of how uplink data and different control fields are multiplexed
on the PUSCH. The actual mix of different L1/L2 control signals and their size vary from
subframe to subframe. Both the UE and the eNodeB have the knowledge about the number of
symbols reserved by the control part. The data part of PUSCH is punctured by the number of
control symbols allocated in the given subframe.

Control and data multiplexing is performed so that control is present at both slots of the
subframe. This guarantees that control channels can benefit from frequency hopping when it is

CQl symbals N

| DFT [
Data symbols MUX ) FET _»

ACK/NACK symbols

Figure 5.24 Principle of data and control modulation
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Figure 5.25 Allocation data and different control fields on PUSCH

applied. ACK/NACK is placed at the end of SC-FDMA symbols next to the reference signals.
There is a maximum of 2 SC-FDMA symbols per slot allocated to ACK/NACK signaling. The
same applies to RI, which is placed on the SC-FDMA symbols next to ACK/NACK. CQI/PMI
symbols are placed at the beginning of the SC-FDMA symbols and they are spread over all
the available SC-FDMA symbols.

CQI/PMI transmitted on PUSCH uses the same modulation scheme as the data part. ACK/
NACK and RI are transmitted so that the coding, scrambling and modulation maximize the
Euclidean distance at the symbol level. This means that a modulation symbol used for a ACK/
NACK carrier is at most 2 bits of coded control information regardless of the PUSCH modu-
lation scheme. The outermost constellation points having the highest transmission power are
used to signal the ACK/NACK and RI for 16QAM and 64QAM. This selection provides a
small power gain for ACK/NACK and RI symbols, compared to PUSCH data using higher
order modulation.

Four different channel coding approaches are applied with control signals transmitted on
PUSCH:

e repetition coding only: 1-bit ACK/NACK;

e simplex coding: 2-bit ACK/NACKI/RI;

e (32, N) Reed—Muller block codes: CQI/PMI <11 bits;

e tail-biting convolutional coding (1/3): CQI/PMI >11 bits.

An important issue related to control signaling on PUSCH is how to keep the performance
of control signaling at the target level. It is noted that power control will set the SINR target
of PUSCH according to the data channel. Therefore, the control channel has to adapt to the
SINR operation point set for data.

One way to adjust the available resources would be to apply different power offset values for
data and different control parts. The problem of the power offset scheme is that single carrier
properties are partially destroyed [13]. Therefore this scheme is not used in the LTE uplink

IPR2022-00457
Apple EX1010 Page 246



Physical Layer 103

system. Instead, a scheme based on a variable coding rate for the control information is used.
This is achieved by varying the number of coded symbols for control channel transmission.
To minimize the overall overhead from the control signaling, the size of physical resources
allocated to control transmission is scaled according to PUSCH quality. This is realized so
that the coding rate to be used for control signaling is given implicitly by the Modulation and
Coding Scheme (MCS) of PUSCH data. The linkage between data MCS and the size of the
control field in made according to Equation 5.2 [14]:

0 [O'Oﬁf?e[.MggSCH _NPUSCH‘I

symb
PUSCH
| K bits

(5.2)

where O' is the number of coded control symbols for the given control type, O is the number of
control signaling bits, K °“** is the number of transmitted bits after code block segmentation

bits

and M F55H . NPUSCH s the total number of sub-carriers per subframe carrying PUSCH. Offset
is a semi-statically configured parameter related to the coding rate adjustment of control chan-
nel and is used to achieve a desired B(L)ER operation point for a given control signaling type.
H is the operation rounding the control channel size to the nearest supported integer value,
towards plus infinity.

As mentioned, the offset-parameter is used to adjust the quality of control signals for the
PUSCH data channel. It is a UE-specific parameter configured by higher layer signaling.
Different control channels need their own offset-parameter setting. There are some issues that
need to be taken into account when configuring the offset-parameter:

e BLER operation point for the PUSCH data channel;

e B(L)ER operation point for the L1/L2 control channel;

e difference in coding gain between control and data parts, due to different coding schemes
and different coding block sizes (no coding gain with 1-bit ACK/NACK);

e DTX performance.

Different BLER operation points for data and control parts are because HARQ is used for
the data channels whereas the control channels do not benefit from HARQ. The higher the dif-
ference in the BLER operation point between data and control channels, the larger is the offset
parameter (and vice versa). Similar behavior relates also to the packet size. The highest offset
values are needed with ACK/NACK signals due to the lack of coding gain.

5.6.4 Uplink Reference Signals

In addition to the control and data signaling, there are reference signals as discussed in Section
5.4. The eNodeB needs to have some source of known data symbols to facilitate coherent
detection, like in the WCDMA where uplink Physical Dedicated Control Channel (PDCCH)
was carrying pilot symbols in the uplink direction. In LTE uplink, reference signals (RS) are
used as demodulation reference signals (DM RS) on PUCCH and PUSCH. The new purpose
of the reference signals, not part of WCDMA operation, is to use them as sounding reference
signals (SRS). Additionally, reference signals are used for sequence modulation on PUCCH as
discussed in section 5.6.1.1. The sequences used as reference signals are discussed in section
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5.6.4.1, while demodulation reference signals and sounding reference signals are considered
in sections 5.6.4.2 and 5.6.4.3, respectively.

5.6.4.1 Reference Signal Sequences

Considering first the sequences itself, the most important properties for the RS sequences in
LTE uplink are:

favorable auto- and cross-correlation properties;

sufficient number of sequences;

flat frequency domain representation facilitating efficient channel estimation;
low cubic metric values comparable to the cubic metric of QPSK modulation.

The sequences also need to be suitable for supporting the numerous bandwidth options in
uplink allocations. This means that sequences of various lengths, multiples of 12, are needed.

Constant Amplitude Zero Autocorrelation Codes (CAZAC) such as Zadoff-Chu [15] and
Generalized Chirp-Like [16] polyphase sequences have most of the required properties. There
exist also a reasonable number of Zadoff—-Chu sequences when the sequence length is a prime
number. However, the sequence lengths needed in LTE uplink are multiples of 12, for which
only a modest number of Zadoff-Chu sequences exist. To obtain a sufficient number of RS
sequences, computer generated sequences are used for sequence lengths of 12 and 24. They
are constructed from QPSK alphabet in frequency domain. Longer sequences are derived
from Zadoff-Chu sequences with length of prime number. They are circularly extended in
frequency domain to the desired length. These sequences are frequently referred to as extended
Zadoff-Chu sequences.

As a result, there are 30 reference signal sequences available for sequence lengths of 12,
24, and 36 and a larger number for longer sequence lengths. The RS sequences do not have
constant amplitude in time and, thus, they are not actually CAZAC sequences. However, they
have acceptable cubic metric values and zero autocorrelation and, thus, may be referred to as
Zero Autocorrelation (ZAC) sequences.

As said, the RS sequences have a periodic autocorrelation function that is zero except for
the zero shift value. In other words, the cyclic, or circular, shifts of a sequence, illustrated in
Figure 5.26, are orthogonal to each other. This provides a convenient means to derive multiple
orthogonal sequences from a single RS sequence, which is used in LTE to multiplex UE. To
maintain the orthogonality, however, the time difference between the signals arriving at the
base station should not exceed the time interval corresponding to the cyclic shift separation.
To accommodate multi-path delay spread, the minimum time separation between the cyclic
shifts available in LTE is 5.56us for Demodulation RS (DMRS) and 4.17 ps for Sounding
RS (SRS). Correspondingly, there are 12 and 8 cyclic shifts specified for DMRS and SRS,
respectively, with constant time separation between cyclic shifts irrespective of the reference
signal bandwidth.

5.6.4.2 Demodulation Reference Signals

DMRS are primarily used for channel estimation needed for coherent detection and demodula-
tion and it has the same bandwidth as the uplink data transmission. There is one DMRS in every
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0.5ms slot on PUSCH, whereas on PUCCH, there are 2-3 reference signals per slot depending
on the used PUCCH format. For PUSCH, DMRS occupies the 4th SC-FDMA symbol in the
slot, and the RS sequence length equals the number of allocated sub-carriers. The reference
signal locations for PUCCH are discussed in section 5.6.1

As said, there are RS sequences of numerous lengths with 30 or more sequences for each
sequence length. For simplicity, the sequences of various lengths are grouped into 30 sequence
groups. Each sequence group contains RS sequences for all supported sequence lengths, with
one RS sequence for allocations from 1 to 5 PRBs and two RS sequences for larger allocations.
As a result, the used demodulation reference signal is defined with four parameters:

e sequence group, with 30 options — this is a cell specific parameter;

e sequence, with 2 options for sequence lengths of 6 PRBs or longer — this is a cell specific
parameter;

e cyclic shift, with 12 options — this has both terminal and cell specific components, and 8
different values can be configured with the uplink allocation;

e sequence length, given by the uplink allocation.

Cyclic shifts are used to multiplex reference signals from different terminals within a cell,
whereas different sequence groups are typically used in neighboring cells. While cyclic shifts
provide good separation within a cell, a more complicated interference scenario is faced between
cells. Simultaneous uplink allocations on neighboring cells can have different bandwidths and
can be only partially overlapping in frequency. This alone prevents effective optimization of RS
cross-correlations between cells. Thus, multiple hopping methods are included to LTE to randomize
inter-cell interference for reference signals. The pseudo-random hopping patterns are cell specific
and derived from the physical layer cell identity. For PUSCH and PUCCH, LTE supports:

e Cyclic shift hopping, which is always used. A cell specific cyclic shift is added on top of
UE specific cyclic shifts. Cyclic shift hops for every slot on PUSCH. Inter-cell interfer-
ence is expected to be more significant on PUCCH than on PUSCH due to CDM applied
on PUCCH. To enhance inter-cell interference randomization, cyclic shift hops for every
SC-FDMA symbol on PUCCH. Cyclic shift hopping is applied also for SC-FDMA symbols
carrying control data due to the sequence modulation used on PUCCH.
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e Sequence group hopping. Sequence group hopping pattern is composed of a group hopping
pattern and a sequence-shift. The same group hopping pattern is applied to a cluster of 30
cells. To differentiate cells within a cluster, a cell specific sequence shift is added on top of
the group hopping pattern. With this arrangement, the occasional use of the same sequence
group simultaneously on neighboring cells is avoided within the cell cluster. Sequence group
hopping can be also disabled, thus facilitating sequence planning. Sequence group hops for
every slot.

e Sequence hopping, which means hopping between the two sequences within a sequence
group. Sequence hopping can be applied for resource allocations larger than 5 RBs if sequence
group hopping is disabled and sequence hopping is enabled.

On PUSCH, it is possible to configure cyclic shift hopping and sequence group hopping pat-
terns so that the same patterns are used on neighboring cells. This means that the same sequence
group is used on neighboring cells. This is not a feasible solution for PUCCH, however, due
to a more intensive use of cyclic shifts. Thus, the hopping patterns are cell-specific and are
derived from the cell identity on PUCCH. Therefore, a sequence group is configured separately
for PUCCH and PUSCH with an additional configuration parameter for PUSCH.

5.6.4.3 Sounding Reference Signals

SRS is used to provide information on uplink channel quality on a wider bandwidth than the
current PUSCH transmission or when a terminal has no transmissions on PUSCH. Channel is
estimated on eNodeB and the obtained channel information can be used in the optimization of
uplink scheduling as part of the uplink frequency domain scheduling operation. Thus, SRS is
in a sense an uplink counterpart for the CQI reporting of downlink channel. SRS can also be
used for other purposes, e.g. to facilitate uplink timing estimation for terminals with narrow
or infrequent uplink transmissions. SRS is transmitted on the last SC-FDMA symbol of the
subframe, as shown in Figure 5.27. Note that the SRS transmission does not need to be in the
frequency area used by the PUSCH for actual data transmission but it may locate elsewhere
as well.

On SRS, distributed SC-FDMA transmission is used. In other words, UE uses every second
sub-carrier for transmitting the reference signal, as illustrated in Figure 5.28. Related sub-carrier
offset defines a transmission comb for the distributed transmission. The transmission comb
provides another means to multiplex UE reference signals in addition to the cyclic shifts. SRS

Sounding
Reference

SRS Bandwidth Uplink
Frequency
Domain
A Scheduling
'
1 ms sub-frame for UE transmission

Figure 5.27 Sounding reference signal transmission in the frame
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Figure 5.28 Sub-carrier mapping for sounding reference signal

uses the same sequences as DMRS. SRS sequence lengths are multiples of 24, or, correspond-
ingly, SRS bandwidths are multiples of 4 RBs. This follows from the available RS sequence
lengths combined with the definition of 8 cyclic shifts for SRS.

SRS transmissions can be flexibly configured. SRS transmission can be a single transmission
or periodic with period ranging from 2 ms to 320 ms. There can be up to four different SRS
bandwidth options available, depending on the system bandwidth and cell configuration. SRS
transmission can also hop in frequency. This is particularly beneficial for the terminals on the
cell edge, which cannot support wideband SRS transmissions. Frequency hopping can also be
limited to a certain portion of system bandwidth which is beneficial for inter-cell interference
coordination [17]. SRS configuration is explicitly signaled via terminal specific higher layer
signaling.

Sounding reference signal transmissions from different terminals can be multiplexed in
multiple dimensions:

e Time: Periodic SRS transmissions can be interleaved into different subframes with subframe
offsets.

e Frequency: To facilitate frequency division multiplexing, the available SRS bandwidths
follow a tree structure. This is illustrated in Figure 5.29, where a set of available SRS band-
widths is shown for a certain cell configuration. The SRS frequency hopping pattern also
follows the tree structure, as shown in Figure 5.30 with an illustrative example based on the
SRS bandwidth set of Figure 5.29.

e With cyclic shifts: Up to 8 cyclic shifts can be configured. The cyclic shift multiplexed signals,
however, need to have the same bandwidth to maintain orthogonality. Due to the intensive
use of cyclic shifts, the sequence group configured for PUCCH is used also for SRS.

e Transmission comb in the distributed transmission: Two combs are available. Contrary to
cyclic shifts, transmission comb does not require that the multiplexed signals occupy the
same bandwidth.

In addition to the terminal specific SRS configuration, cell specific SRS configuration defines
the subframes that can contain SRS transmissions as well as the set of SRS bandwidths available
in the cell. Typically SRS transmissions should not extend into the frequency band reserved
for PUCCH. Therefore, multiple SRS bandwidth sets are needed for supporting flexible cell
specific PUCCH configuration.
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5.7 PRACH Structure
5.7.1 Physical Random Access Channel

Random access transmission is the only non-synchronized transmission in the LTE uplink.
Although the terminal synchronizes to the received downlink signal before transmitting on
RACH, it cannot determine its distance from the base station. Thus, timing uncertainty caused
by two-way propagation delay remains on RACH transmissions.

Appropriately designed Physical Random Access Channel (PRACH) occurs reasonably fre-
quently, provides a sufficient number of random access opportunities, supports the desired cell
ranges in terms of path loss and uplink timing uncertainty, and allows for sufficiently accurate
timing estimation. Additionally, PRACH should be configurable to a wide range of scenarios,
both for RACH load and physical environment. For example, LTE is required to support cell
ranges up to 100 km, which translates to 667 us two-way propagation delay, as facilitated in
the timing advance signaling range in the MAC layer.

In a LTE frame structure type 1 (FDD), only one PRACH resource can be configured into a
subframe. The periodicity of PRACH resources can be scaled according to the expected RACH
load, and PRACH resources can occur from every subframe to once in 20ms. PRACH trans-
mission is composed of a preamble sequence and a preceding cyclic prefix with four different
formats as shown in Figure 5.31. Multiple preamble formats are needed due to the wide range
of environments. For example, the long CP in preamble formats 1 and 3 assists with large cell
ranges in terms of increased timing uncertainty tolerance whereas repeated preamble sequences
in formats 2 and 3 compensate for increased path loss. The guard period that is necessary after
an unsynchronized preamble is not explicitly specified, but PRACH location in the subframe
structure provides a sufficient guard period. Particular considerations are needed only in very
special cases. For each cell, 64 preamble sequences are configured and, thus, there are 64
random access opportunities per PRACH resource. PRACH occupies 1.08 MHz bandwidth,
which provides reasonable resolution for timing estimation.

903 us
Format 0 |CP | Preamble sequence |} 1.08 MHz ( 6 PRBs)
103 ps 800 us
1484 ps
Format 1 CP Preamble sequence
684 ps 800 us
1803 us
Format 2 | CcP | Preamble sequence Preamble sequence
203 ps 800 ps 800 us
2284 pys
Format 3 | CP | Preamble sequence Preamble sequence
684 us 800 ps 800 ps

Figure5.31 LTE RACH preamble formats for FDD
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5.7.2 Preamble Sequence

Zadoff-Chu sequences [15] belonging to CAZAC are used as RACH preamble sequences due
to several desirable sequence properties:

@ They have a periodic autocorrelation function that is zero except for the zero shift value.
This is desirable for preamble detection and timing estimation. Additionally, the cyclic, or
circular, shifts of a sequence are orthogonal to each other. As a result, multiple preamble
sequences are obtained from a single Zadoff—Chu sequence with cyclic shifts.

@ As the preamble sequence length is set to a prime number of 839, there are 838 sequences
with optimal cross-correlation properties.

e Sequences also have reasonable cubic metric properties.

The cyclic shifts used as different preambles need to have a sufficient separation. The cyclic
shift separation needs to be sufficiently wide to accommodate the uplink timing uncertainty, as
illustrated in Figure 5.32. The propagation delay and, thus, the cyclic separation are directly
related to the cell range. To accommodate the wide range of cell ranges supported by LTE, 16
different cyclic shift separations can be configured for a cell, providing 1 to 64 preambles from
a single Zadoff-Chu sequence.

A particular high speed mode, or a restricted set, is defined for RACH due to the peculiar
properties of Zadoff—Chu sequences for Doppler spread. Essentially, high speed mode is a set
of additional restrictions on the cyclic shifts that can be used as preambles.

Discrete Fourier Transform of Zadoff—Chu sequence is also a Zadoff—Chu sequence defined in
frequency. Due to the Doppler, the transmitted preamble sequence spreads on cyclic shifts adjacent
in frequency to the transmitted cyclic shift and particularly on the cyclic shift neighboring the
transmitted cyclic shift in frequency. Particularly, a Doppler frequency corresponding to the inverse
of sequence length, i.e. 1.25kHz for LTE, transforms the transmitted cyclic shift (of sequence)
completely to the cyclic shift neighboring the transmitted one in frequency. As a result, the received
sequence is orthogonal with the transmitted sequence for a Doppler frequency of 1.25kHz.

There is a tractable one-to-one relation between the cyclic shifts neighboring each other in
frequency and the cyclic shifts in time. Thus, three uplink timing uncertainty windows can be
defined for a preamble, with the windows separated by a shift distance as shown in Figure 5.33.
The shift distance is a function of the Zadoff—Chu sequence index. The shifting of the timing
uncertainty windows is circular, as illustrated in Figure 5.33.

Other possible )
preambles Transmitted Received

N Y S N

D Es—

0 4—»4-\» 838. .
/, \ Uplink timing Cyclic shift
Propagation \

delay Delay
spread

uncertainty

Figure 5.32 Illustration of cyclic shift separation N  between preamble sequences
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There are several consequences of the aforementioned when detecting preambles with
considerable Doppler:

e Signal energy needs to be collected from all three windows for reliable preamble detec-
tion.

e The windows of a preamble should not overlap each other to allow for initial uplink timing
estimation.

e The windows of the different preambles should not overlap each other to prevent unneces-
sary false alarms.

As a result, the preamble cyclic shifts for high speed mode need to be selected so that the
timing uncertainty windows do not overlap each other for each preamble as well as between
preambles. Although these requirements, as well as the dependency of the shift distance on the
sequence index, complicate the calculation of cyclic shift for preambles, tractable equations
have been found and standardized [18].

5.8 Downlink Physical Layer Signaling Transmission

The control information in the downlink direction is carried using three different types of
control messages:

e Control Format Indicator (CFI), which indicates the amount of resources devoted to control
channel use. CFI is mapped to the Physical Control Format Indicator Channel (PCFICH).

e HARQ Indication (HI), which informs of the success of the uplink packets received. The
HI is mapped on the Physical HARQ Indicator Channel (PHICH).

e Downlink Control Information (DCI), which controls with different formats basically all the
physical layer resource allocation in both uplink and downlink direction and has multiple
formats for different needs. The DCI is mapped on the Physical Downlink Control Channel
(PDCCH)

5.8.1 Physical Control Format Indicator Channel (PCFICH)

The sole purpose of PCFICH is to dynamically indicate how many OFDMA symbols are
reserved for control information. This can vary between 1 and 3 for each 1 ms subframe. From
the PCFICH, UE knows which symbols to treat as control information. Location and modula-
tion of PCFICH is fixed. The use of dynamic signaling capability allows the system to support
both a large number of low data rate users (e.g. VoIP) as well as to provide sufficiently low
signaling overhead when higher data rates are used by fewer simultaneously active users. The
extreme situations are illustrated in Figure 5.34, where the PDCCH allocation is changed from
1 symbol to 3 symbols. When calculating the resulting overhead, note that PDCCH is only
allocated to the first 0.5ms slot in the 1 ms subframe, thus the overhead is from 1/14 to 3/14 of
the total physical layer resource space.

With the 1.4 MHz operation, the PDCCH resource is 2, 3 or 4 symbols to ensure enough
payload size and a sufficient range for all signaling scenarios. In big cells it is important to
have enough room for channel coding together with signaling, especially for the operation
with RACH.
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Figure 5.34 PDCCH resource allocation from PCFICH for bandwidths above 1.4 MHz

5.8.2 Physical Downlink Control Channel (PDCCH)

The UE will obtain from the PDCCH information for both uplink and downlink resource alloca-
tions the UE may use. The DCI mapped on the PDCCH has different formats and depending
on the size DCI is transmitted using one or more Control Channel Elements (CCEs). A CCE
is equal to 9 resource element groups. Each group in turn consists of 4 resource elements.
The different PDCCH formats are shown in Table 5.2, where it can be seen that as PDCCH is
using QPSK modulation, then a single resource element carries 2 bits and there are 8bits in a
resource element group.

The UE will listen to the set of PDCCHs and tries to decode them (checking all formats) in
all subframes except during the ones where DRX is configured. The set of PDCCHs to moni-
tor is up to 6 channels. Depending on the network parameterization, some of the PDCCHs are
so-called common PDCCHs and may also contain power control information.

The DCI mapped to PDCCH has four different formats and further different variations for
each format. It may provide the control information for the following cases:

e PUSCH allocation information (DCI Format 0);

e PDSCH information with one codeword (DCI Format 1 and its variants);
o PDSCH information with two codewords (DCI Format 2 and its variants);.
e Uplink power control information (DCI Format 3 and its variants)

Table 5.2 PDCCH format and their size

PDCCH Numberof Number of resource- Number of

format  CCEs element groups PDCCH bits
0 1 9 72
1 2 18 144
2 4 36 288
3 8 72 576
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The PDCCH containing PDSCH related information is often referred to as the downlink
assignment. The following information is carried on the downlink assignment when providing
downlink resource allocation information related to PDSCH:

e Resource block allocation information. This indicates the position of the resources allocated
for the user in question in the resource block domain. The allocation can be based on, for
example, a bitmap pointing the given PRBs or an index of the first PRB and the number of
contiguously allocated PRBs.

e The modulation and coding scheme used for downlink user data. The 5bit signaling indicates
the modulation order and the transport block size (TBS). Based on these parameters and the
number of allocated resource blocks the coding rate can be derived.

e The HARQ process number needs to be signaled as the HARQ retransmission from the
eNodeB point of view is asynchronous and the exact transmission instant is up to the eNodeB
scheduler functionality. Without the process number the UE could confuse the different
processes and combine the wrong data. This also prevents error propagation from this part
if control signaling is lost for a single TTI. The number of HARQ processes was fixed to 8
in both uplink and downlink.

e A new data indicator to tell whether the transmission for the particular process is a retrans-
mission or not. This again follows similar principles to those applied with HSDPA.

e Redundancy version is a HARQ parameter that can be used with incremental redundancy
to tell which retransmission version is used.

e The power control commands for the PUCCH are also included on the PDCCH. The power
control command has two bits and it can thus use 2 steps up and downwards to adjust the
power.

Additionally, when MIMO operation is involved, there are MIMO specific signaling ele-
ments involved, as discussed with the MIMO in section 5.9.7.

The PDCCH containing PUSCH related information is also known as the uplink grant. The
following information is carried on the uplink grant.

e Hopping flag and resource block assignment and hopping resource allocation. The number
of bits for this depends on the bandwidth to be used. Uplink resource allocation is always
contiguous and it is signaled by indicating the starting resource block and the size of the
allocation in terms of resource blocks.

e Modulation and coding scheme and the redundancy version.

e A new data indicator, which is intended to be used for synchronizing the scheduling com-
mands with the HARQ ACK/NACK message status.

e TPC command for scheduled PUSCH which can represent four different values.

Cyclic shift for the Demodulation Reference Symbols — 3 bits.

e Aperiodic CQI report request.

Besides these purposes, the PDCCH can also carry power control information for several
users. The options supported are both the 1bit and 2bit formats. The maximum number of
users listening to a single PDCCH for power control purposes is N. Higher layers indicate to
the device which bit or bits it needs to receive for the power control purposes.

As mentioned earlier, the PCFICH indicates the amount of resources reserved for the PDCCH
with 1 ms basis. The UEs in the cell check the PCFICH and then blindly decode the PDCCH to see
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Figure5.35 PDCCH channel coding chain

which of the control channels (if any) is intended for them. The user identification is based on using
UE specific CRC, which is generated after normal CRC generation by masking the CRC with the
UE ID. The PDCCH channel coding is based on the same 1/3-rate convolutional coding as other
convolutionally encoding channels. The PDCCH encoding chain is illustrated in Figure 5. 35.

5.8.3 Physical HARQ Indicator Channel (PHICH)

The task for the Physical HARQ Indicator Channel (PHICH) is simply to indicate in the down-
link direction whether an uplink packet was correctly received or not. The device will decode
the PHICH based on the uplink allocation information received on the PDCCH.

5.8.4 Downlink Transmission Modes

For robust and efficient system operation, it is important that the UE knows beforehand which
type of transmission to expect. If the transmission mode could change dynamically from one
subframe to another the UE would need to monitor all the possible DCI formats simultaneously,
leading to a considerable increase in the number of blind decodings and receiver complexity
(and possibly an increased number of signaling errors). Furthermore, the UE would not be
able to provide meaningful channel feedback since, for example, the CQI value depends on
the transmission mode assumed.

Therefore each UE is configured semi-statically via RRC signaling to one transmission mode.
The transmission mode defines what kind of downlink transmissions the UE should expect,
e.g. transmit diversity or closed loop spatial multiplexing, and restricts the channel feedback
to modes corresponding to the desired operation. In LTE Release 8, seven transmission modes
have been defined:

1  Single-antenna port; port 0
This is the simplest mode of operation with no pre-coding.
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2 Transmit Diversity
Transmit diversity with two or four antenna ports using SFBC.

3 Open-loop spatial multiplexing
This is an open loop mode with the possibility to do rank adaptation based on the RI
feedback. In the case of rank = 1 transmit diversity is applied similarly to transmission
mode 2. With higher rank spatial multiplexing with up to four layers with large delay,
CDD is used.

4 Closed-loop spatial multiplexing
This is a spatial multiplexing mode with pre-coding feedback supporting dynamic rank
adaptation.

5 Multi-user MIMO
Transmission mode for downlink MU-MIMO operation.

6  Closed-loop Rank=1 pre-coding
Closed loop pre-coding similar to transmission mode 5 without the possibility of spatial
multiplexing, i.e. the rank is fixed to one.

7 Single-antenna port; port 5
This mode can be used in a beam forming operation when UE specific reference signals
are in use.

5.8.5 Physical Broadcast Channel (PBCH)

The physical broadcast Channel (PBCH) carries the system information needed to access the
system, such as RACH parameters, and as covered in more detail in Chapter 6. The channel is
always provided with 1.08 MHz bandwidth, as shown in Figure 5.36, so the PBCH structure
is independent of the actual system bandwidth being used, similar to other channels/signals
needed for initial system access. The PBCH is convolutionally encoded as the data rate is not
that high. As discussed in Chapter 6, the broadcast information is partly carried on the PBCH,

10 ms = 10 subframes

10 MHz
=600 subcarriggz

1.08 MHz {

Synchronization
Signals

Figure 5.36 PBCH location at the center frequency
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where the Master Information Block (MIB) is transmitted while the actual System Information
Blocks (SIBs) are then on the PDSCH. The 600 sub-carriers in Figure 5.36 need only 9MHz (50
resource blocks) in the resource domain but the system bandwidth needed for sufficient attenu-
ation for the adjacent operator increases the total bandwidth needed to 10 MHz, as discussed
in Chapter 11. With a 1.4 MHz system bandwidth there are no resource blocks on either side
of the PBCH in the frequency domain in use, so effectively only 6 resource blocks may be in
use to meet the spectrum mask requirements.

5.8.6 Synchronization Signal

There are 504 Physical Cell Identities (PCls) values in the LTE system, compared with the
512 primary scrambling codes in WCDMA. The Primary Synchronization Signal (PSS) and
the Secondary Synchronization Signals (SSS) are transmitted, similar to PBCH, always with
the 1.08 MHz bandwidth, located in the end of 1st and 11th slots (slots O and 10) of the 10 ms
frame, as shown in Figure 5.37.

The PSS and SSS jointly point the space of 504 unique Physical-layer Cell Identities (PCls).
The PCIs form 168 PCI groups, each of them having 3 PClIs (thus a total of 504 PCIs). The
location and structure of the PCIs mean that taking a sample from the center frequency (with
a bandwidth of 1.08 MHz) for a maximum of 5 ms contains the necessary information needed
for cell identification.

5.9 Physical Layer Procedures

The key physical layer procedures in LTE are power control, HARQ, timing advance and
random access. Timing advance is based on the signaling in the Medium Access Control
(MAC) layer (as shown in the MAC section in Chapter 6), but as it is directly related to the
physical layer, the timing advance details are covered in this chapter. The big contrast to
WCDMA is that there are no physical layer issues related to macro-diversity since the UE is
only connected to one base station at a time and hand handover is applied. Also, a specific
means for dealing with inter-system and inter-frequency measurements such as compressed

- PSS
D sss

N -
\\ —,‘
N, «—————=="10 ms = 10 subframes = 20 slots —»

-

1.08 MHz I I

~N 7

PSS/SSS

Figure 5.37 Synchronization signals in the frame
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mode is not needed in LTE, as LTE by nature has a discontinuous operation that will facilitate
the measurements by scheduling.

5.9.1 HARQ Procedure

The HARQ in LTE is based on the use of a stop-and-wait HARQ procedure. Once the packet
is transmitted from the eNodeB, the UE will decode it and provide feedback in the PUCCH,
as described in section 5.6. For negative acknowledgement (NACK) the eNodeB will send a
retransmission. The UE will combine the retransmission with the original transmission and
will run the turbo decoding again. Upon successful decoding (based on CRC check) the UE
will send positive acknowledgement (ACK) for the eNode. After that eNodeB will send a new
packet for that HARQ process. Due to the stop-and-wait way of operating, one needs to have
multiple HARQ processes to enable a continuous data flow. In LTE the number of processes
is fixed to 8 processes in both the uplink and downlink direction. An example of a single user
continuous transmission is illustrated in Figure 5.38. For multiple users, it is dependent on
the eNodeB scheduler when a retransmission is sent in the uplink or downlink direction, as a
retransmission also requires that resources are allocated.

The HARQ operation in LTE supports both soft combining and the use of incremental redun-
dancy. The use of soft combining means that retransmission has exactly the same rate matching
parameters as the original transmission and thus exactly the same symbols are transmitted. For
incremental redundancy, the retransmission may have different rate matching parameters like
the original transmission. The minimum delay between the end of a packet and the start of a
retransmission is 7 ms. The UE will send the ACK/NACK for a packet in frame 7, in the uplink
frame n+4. This leaves around 3 ms processing time for the UE, depending on the uplink/
downlink timing offset controlled by the timing advance procedure. The downlink timing for
a single transmitted downlink packet is shown in Figure 5.39. The retransmission instant in
the downlink is subject to the scheduler in eNodeB and thus the timing shown in Figure 5.39
is the earliest moment for a retransmission to occur.

From scheduler buffer

PUSCH/PDSCH 1 2 3 4 5 6 7 8 1 2

15t TX (new packet)

CRC Check Result Fail Pass

RLC layer

Figure 5.38 LTE HARQ operation with 8 processes
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New Packet or

Retransmission
PDSCH PUCCH or PUSCH PDSCH
PACKET S ACK/NACSI A
3 ms UE processing time ~——_—— 3 ms eNodeB processing time
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Figure 5.39 LTE HARQ timing for a single downlink packet

5.9.2 Timing Advance

The timing control procedure is needed so that the uplink transmissions from different users
arrive at the eNodeB essentially within the cyclic prefix. Such uplink synchronization is
needed to avoid interference between the users with uplink transmissions scheduled on the
same subframe. The eNodeB continuously measures the timing of the UE uplink signal and
adjusts the uplink transmission timing as shown in Figure 5.40. Timing advance commands
are sent only when a timing adjustment is actually needed. The resolution of a timing advance
command is 0.52 ps, and timing advance is defined relative to the timing of the downlink radio
frame received on UE.

The timing advance value is measured from RACH transmission when the UE does not
have a valid timing advance, i.e. the uplink for the UE is not synchronized. Such situations are
system access, when the UE is in RRC_IDLE state or when the UE has had an inactivity period
exceeding related timer, non-synchronized handover, and after radio link failure. Additionally,
eNodeB can assign to UE a dedicated (contention-free) preamble on RACH for uplink timing
measurement when eNodeB wants to establish uplink synchronization. Such situations are
faced with handover or when downlink data arrive for a non-synchronized UE. From the range
defined for timing advance, cell sizes up to 100km would be facilitated, and even beyond by
leaving some resources unused.

5.9.3 Power Control

For LTE, power control is slow for the uplink direction. In the downlink direction there is no
power control. As the bandwidth varies due to data rate changes, the absolute transmission
power of the UE will also change. The power control does not now actually control absolute
power but rather the Power Spectral Density (PSD), power per Hz, for a particular device. What
facilitates the use of a slower rate for power control is the use of orthogonal resources in the LTE
uplink, which avoids the near—far problem that required fast power control in WCDMA. The key
motivation for the power control is to reduce terminal power consumption and also to avoid an
overly large dynamic range in the eNodeB receiver, rather than to mitigate interference. In the

Uplink data or RACH (((‘ é')))
Timing Advance (£n x 0.52us) Som=rtar—"

UE eNodeB

Figure 5.40 Uplink timing control

IPR2022-00457
Apple EX1010 Page 263



120 LTE for UMTS — OFDMA and SC-FDMA Based Radio Access

Power per Hz unchanged

Power /

Spectral
Density 2 X data
rate

Frequency Frequency
TTIn TTI nt1

Figure 5.41 LTE uplink power with data rate change

receiver the PSDs of different users have to be reasonably close to each other so the receiver
A/D converter has reasonable requirements and also the interference resulting from the non-
ideal spectrum shape of the UE transmitter is kept under control. The LTE uplink power control
principle is illustrated in Figure 5.41 where at the change of data rate the PSD stays constant
but the resulting total transmission power is adjusted relative to the data rate change.

The actual power control is based on estimating the path loss, taking into account cell specific
parameters and then applying the (accumulated) value of the correction factor received from
the eNodeB. Depending on the higher layer parameter settings, the power control command
is either 1 dB up or down or then the set of [-1dB, 0, +1dB, +3 dB] is used. The specifications
also include power control that is absolute value based but, based on the text case prioritization,
it is not foreseen that this will be used in the first phase networks. The total dynamic range of
power control is slightly smaller than in WCDMA and the devices now have a minimum power
level of =41 dBm compared to =50dBm with WCDMA.

5.9.4 Paging

To enable paging, the UE is allocated a paging interval and a specific subframe within that
interval where the paging message could be sent. The paging is provided in the PDSCH (with
allocation information on the PDCCH). The key design criterion in paging is to ensure a suf-
ficient DRX cycle for devices to save power and also to ensure a fast enough response time for
the incoming call. The E-UTRAN may parameterize the duration of the paging cycle to ensure
sufficient paging capacity (covered in more detail in Chapter 6).

5.9.5 Random Access Procedure

The LTE Random Access (RACH) operation resembles that of WCDMA because both use
preambles and similar ramping of preamble power. The initial power is based on the measured
path loss in DL, and power ramping is necessary because of the relatively coarse accuracy of
the UE in path loss measurement and absolute power setting, and to compensate for uplink
fading. Although LTE PRACH resources are separate from PUSCH and PUCCH, power ramp-
ing is useful for simultaneous detection of different preamble sequences and for minimizing the
interference due to asynchronous PRACH transmission at the adjacent PUCCH and PUSCH
resources. The steps of the physical layer procedure are as follows:
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e Transmit a preamble using the PRACH resource, preamble sequence and power selected by
MAC.

e Wait for the RACH response with matching preamble information (PRACH resource and
preamble sequence). In addition to the preamble information, the response also contains
the information on the uplink resource to use for further information exchange as well as
the timing advance to be used. In the WCDMA RACH procedure, after acknowledging a
preamble, the UE continues with a 10 or 20ms frame duration of data, or even longer, as
described for Release 8 HSPA operation in Chapter 13. The fundamental difference in LTE is
that the device will move instead directly to the use of UL-SCH on reception of the random
access response, which has the necessary information.

e If no matching random access response is received, transmit the preamble in the next avail-
able PRACH resource according to instructions of MAC, as shown in Figure 5.42.

Although the LTE specification models that the physical layer just transmits preambles and
detects responses under the control of MAC, we describe below the complete procedure without
focusing on the modeling of the specification.

Two fundamentally different random access procedures have been specified for LTE. The
contention based procedure is what we normally understand with random access: UEs trans-
mit randomly selected preambles on a common resource to establish a network connection or
request resources for uplink transmission. The non-contention based random access is initiated
by the network for synchronizing UE’s uplink transmission, and the network can identify the
UE from the very first uplink transmission. This procedure is nevertheless included under the
LTE random access because it uses PRACH resources. Both procedures are common for TDD
and FDD systems.

5.9.5.1 Contention and Non-contention Based Random Access

The contention based procedure follows the signaling diagram in Figure 5.43 (left half).

In the first step, the UE transmits a preamble sequence on PRACH. The details of PRACH
and preamble sequences are explained in section 5.7. For each cell a total of 64 sequences are
reserved, and these are grouped for the non-contention based and contention based procedures.
The group reserved for the contention based procedures is divided further into two: by selecting
the proper group, the UE sends one bit of information about the transport block size that the
UE desires to send on PUSCH in Step 3.

In the second step, the UE receives a preamble response on DL-SCH resource that is assigned

on PDCCH. The identity RA-RNTI that is used for this assignment is associated with the

PRACH On the resources
Downlink / eNodeB response PRi':gi:iated by
Not detected response
Next ,
PRACH PUSCH
resource
Uplink / UE -—. | |
Preamble Preamble UE specific data

Figure 5.42 Powerramping in random access procedure
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Contention based RA Non-contention based RA
UE eNB UE eNB
1. Preamble on PRACH 1. Preamble on PRACH
2. Preamble response on PDCCH + 2. Preamble response on PDCCH+
DL-SCH DL-SCH

3. PUSCH transmission including
contention resolution identity

4. Contention resolution message

Figure 5.43 The contention and non-contention based random access procedures

frequency and time resource of the preamble. This permits bundling of the responses that are
meant for preambles transmitted in the same PRACH frequency and time resource, which is
important for saving PDCCH resources. eNodeB transmits the response in a time window that
can be configured up to 10ms in duration. The flexible window allows freedom for dimension-
ing of the RACH receiver and for scheduling of the responses.

The response (signaling part of the MAC layer as covered in Chapter 6) lists the sequence
numbers of the observed preambles, and in addition the following information is given for
each acknowledged preamble:

e A grant for the first transmission on PUSCH, including also information on the need for
frequency hopping, power control command for uplink transmission and information on
the need for CQI transmission and whether the PUSCH transmission needs to be delayed
by one subframe from the nominal value.

e A timing alignment command.

e A temporary allocation for identity called temporary CRNTI, which is used for addressing
PUSCH grants and DL-SCH assignments in Steps 3 and 4 of the procedure.

The typical probability of preamble collisions, meaning that two or more UEs are transmit-
ting the same preamble sequence in the same frequency and time resource, is expected to be
around 1%. These collisions are resolved in Steps 3 and 4: the UE includes its identity in the
first message that it transmits on PUSCH in Step 3 and expects in Step 4 an acknowledge-
ment that eNodeB has received the identity. There are two forms of acknowledgement: it can
be either (1) a PUSCH grant or DL-SCH assignment addressed with CRNTI if the UE had
included CRNTT to the message of Step 3, or (2) the UE’s identity can be acknowledged with
a message that is sent on a DL-SCH resource assigned with the temporary CRNTI. The first
form of acknowledgement is for RRC connected UEs while the second form is used when a
UE tries to establish or re-establish RRC connection. HARQ is used both in Step 3 and 4. In
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Step 3 there is no difference compared with normal HARQ, but in Step 4 the UE never sends
NAK, and ACK is sent only by the UE that wins the contention resolution. No special actions
are taken after a lost contention resolution but the UE simply retransmits a preamble just like
after failing to receive the preamble response.

The LTE network can control the RACH load rapidly. If the UE does not receive acknowl-
edgement for its preamble in Step 2 or for its identity in Step 4, the UE retransmits the preamble
with increased power if power ramp-up has been configured. Normally the retransmission can
be done as soon as the UE is ready but the network can also configure a back-off parameter
that forces the UE to add a random delay before the retransmission. When needed, the back-
off parameter is included in the preamble response message, and the setting is obeyed by all
the UE decoding the message. This allows much faster load control than in WCDMA where a
similar load control parameter is in the broadcasted System Information.

The non-contention based procedure, shown in Figure 5.43 (right half), is used for time align-
ment during handover and when an RRC connected UE needs to be synchronized for downlink
data arrival. The UE receives in the handover command or through PDCCH signaling an index
of its dedicated preamble sequence, which it is allowed to transmit on PRACH. Besides the
sequence index, some restrictions for the frequency and time resource can be signaled so that
the same sequence can be simultaneously allocated for UEs that transmit on different PRACH
subframes or, for TDD, at different PRACH frequencies. The preamble responses in the con-
tention and non-contention based procedures are identical and they can thus be bundled to the
same response message. As eNodeB knows the identity of the UE that has sent the dedicated
preamble, the contention resolution with Steps 3 and 4 is not needed.

The non-contention based procedure provides delay and capacity enhancements compared
with the contention based procedure. As the preamble collisions are absent and the contention
resolution is not needed, a shorter delay can be guaranteed, which is especially important for
handover. The sequence resource is in effective use because it is assigned to the UE only when
needed and can be released as soon as eNodeB detects that the UE has received the preamble
response.

An unsuccessful random access procedure ends based on preamble count or RRC timers.
The preamble count is decisive only with two causes of random access: (a) an RRC connected
UE, lacking scheduling request resources, asks resources because of uplink data arrival or (b)
an RRC connected UE needs to be synchronized because of DL data arrival. If random access
has been started because of RRC connection establishment or re-establishment or because of
handover, the procedure continues until success or MAC reset in the expiry of the RRC timer
corresponding to the cause of random access.

5.9.6 Channel Feedback Reporting Procedure

The purpose of the channel state feedback reporting is to provide the eNodeB with information
about the downlink channel state in order to help optimize the packet scheduling decision. The
principle of the channel state feedback reporting procedure is presented in Figure 5.44. The
channel state is estimated by the UE based on the downlink transmissions (reference symbols,
etc.) and reported to the eNodeB by using PUCCH or PUSCH. The channel state feedback
reports contain information about the scheduling and link adaptation (MCS/TBS and MIMO)
related parameters the UE can support in the data reception. The eNodeB can then take advan-
tage of the feedback information in the scheduling decision in order to optimize the usage of
the frequency resources.
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4. eNodeB frequency
domain downlink
scheduling

1. eNodeB
transmission

“eNodeB

UE

Figure 5.44 Channel State Information (CSI) reporting procedure

In general the channel feedback reported by the UE is just a recommendation and the eNodeB
does not need to follow it in the downlink scheduling. In LTE the channel feedback reporting
is always fully controlled by the eNodeB and the UE cannot send any channel state feedback
reports without eNodeB knowing it beforehand. The corresponding procedure for providing
information about the uplink channel state is called channel sounding and it is done using the
Sounding Reference Signals (SRS) as presented in Section 5.6.4.3.

The main difference of the LTE channel state information feedback compared to WCDMA/
HSDPA is the frequency selectivity of the reports, i.e. the information regarding the distribu-
tion of channel state over the frequency domain can also be provided. This is an enabler for
Frequency Domain Packet Scheduling (FDPS), a method that aims to divide the radio resources
in the frequency domain for different users so that system performance is optimized. In Figure
5.45 the gain from the FDPS is illustrated. As the UE speed increases, the CSI reports become
more inaccurate and get outdated faster leading to reduced gains in high mobility.
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Figure 5.45 Comparison of the average cell throughputs for different CQI schemes and velocities
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5.9.6.1 Channel Feedback Report Typesin LTE

In LTE the UE can send three types of channel feedback information:

e CQI - Channel Quality Indicator
e RI - Rank Indicator
e PMI - Pre-coding Matrix Indicator

The most important part of channel information feedback is the Channel Quality Indicator
(CQI). The CQI provides the eNodeB information about the link adaptation parameters the UE
can support at the time (taking into account the transmission mode, the UE receiver type, number
of antennas and interference situation experienced at the given time). The CQI is defined as a
table containing 16 entries (Table 5.3) with Modulation and Coding Schemes (MCSs). The UE
reports back to the eNodeB the highest CQI index corresponding to the MCS and TBS for which
the estimated received DL transport block BLER shall not exceed 10%. The CQI operation has a
high degree of similarity with HSDPA CQI use, as covered in [5]. Note that there are many more
possibilities for MCS and TBS size values than only those 15 indicated by the CQI feedback.

Rank Indicator (RI) is the UE’s recommendation for the number of layers, i.e. streams to
be used in spatial multiplexing. R1 is only reported when the UE is operating in MIMO modes
with spatial multiplexing (transmission modes 3 and 4). In single antenna operation or TX
diversity it is not reported. The RI can have values 1 or 2 with 2-by-2 antenna configuration
and from 1 up to 4 with 4-by-4 antenna configuration. The RI is always associated with one
or more CQI reports, meaning that the reported CQI is calculated assuming that particular RI
value. Since the rank varies typically more slowly than the CQI it is normally reported less

Table 5.3 CQl table

CQI  Modulation  Coding rate Bits per resource

index x 1024 element
0 out of range
1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.3770
4 QPSK 308 0.6016
5 QPSK 449 0.8770
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 1.9141
9 16QAM 616 2.4063
10 64QAM 466 2.7305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 45234
14 64QAM 873 5.1152
15 64QAM 948 5.5547
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often. RI always describes the rank on the whole system band, i.e. frequency selective RI
reports are not possible.

The PMI provides information about the preferred pre-coding matrix in codebook based
pre-coding. Like RI, PMI is also relevant to MIMO operation only. MIMO operation with PMI
feedback is called Closed Loop MIMO. The PMI feedback is limited to transmission modes
4,5, and 6. The number of pre-coding matrices in the codebook depends on the number of
eNodeB antenna ports: in the case of two antenna ports there are altogether six matrices to
choose from, while with four antenna ports the total number is up to 64 depending on the RI
and the UE capability. PMI reporting can be either wideband or frequency selective depending
on the CSI feedback mode.

5.9.6.2 Periodic and Aperiodic Channel State Feedback Reporting

Although in principle the UE has up-to-date information about the changes in channel state, a
channel state feedback report initiated by the UE would raise several issues. First, to detect the
reports blind decoding would need to be performed at the eNodeB, which is not desirable from
the receiver implementation point of view. Secondly, as the eNodeB is anyway fully in charge
of the scheduling decisions, UE initiated reports would often be unnecessary. Furthermore, the
reports initiated by UE would complicate the uplink resource allocation considerably, leading
to increased signaling overhead. Hence it was agreed that in the LTE standardization channel
state feedback reporting is always fully controlled by the eNodeB, i.e. the UE cannot send
any channel state feedback reports without eNodeB knowing beforehand.

To fully exploit the gains from frequency selective packet scheduling, detailed CSI reporting
is required. As the number of UEs reporting channel state feedback increases, however, the
uplink signaling overhead becomes significant. Furthermore the PUCCH, which is supposed
to carry primarily the control information, is rather limited in capacity: payload sizes of only
up to 11bits/subframe can be supported. On the PUSCH there are no similar restrictions on
the payload size, but since PUSCH is a dedicated resource only one user can be scheduled on
a single part of the spectrum.

To optimize the usage of the uplink resources while also allowing for detailed frequency
selective CSI reports, a two-way channel state feedback reporting scheme has been adopted in
LTE. Two main types of reports are supported: Periodic and Aperiodic. A comparison of the
main features of the two reporting options is presented in Table 5.4.

Periodic reporting using PUCCH is the baseline mode for channel information feedback
reporting. The eNodeB configures the periodicity parameters and the PUCCH resources via
higher layer signaling. The size of a single report is limited up to about 11 bits depending on
the reporting mode, and the reports contain little or no information about the frequency domain
behavior of the propagation channel. Periodic reports are normally transmitted on PUCCH. If
the UE is scheduled in the uplink, however, the Periodic report moves to PUSCH. The reporting
period of RI is a multiple of CQI/PMI reporting periodicity. RI reports use the same PUCCH
resource (PRB, Cyclic shift) as the CQI/PMI reports — PUCCH format 2/2a/2b.

When the eNodeB needs more precise channel state feedback information it can at any time
request the UE to send an Aperiodic channel state feedback report on PUSCH. Aperiodic reports
can be either piggybacked with data or sent alone on PUSCH. Using the PUSCH makes it pos-
sible to transmit large and detailed reports. When the transmission of Periodic and Aperiodic
reports from the same UE might collide, only the Aperiodic report is sent.
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Table 5.4 Comparison of Periodic and Aperiodic channel information feedback reporting
Periodic reporting Aperiodic reporting
When to send Periodically every 2-160 ms When requested by the eNodeB
Where to send Normally on PUCCH, PUSCH used Always on PUSCH
when multiplexed with data
Payload size of the reports 4-11 bits Up to 64 bits
Channel Coding Linear block codes Tail biting convolutional codes
CRC protection No Yes, 8 bit CRC
Rank Indicator Sent in separate subframes at lower  Sent separately encoded in the same
periodicity subframe

Frequency selectivity of ~ Only very limited amount of
the CQI frequency information

Frequency selectivity of ~ Only wideband PMI

Detailed frequency selective reports
are possible

Frequency selective PMI reports are

the PMI possible

The two modes can also be used to complement each other. The UE can be, for example,
configured to send Aperiodic reports only when it is scheduled, while Periodic reports can
provide coarse channel information on a regular basis.

5.9.6.3 CQI Compression Schemes

Compared to the WCDMA/HSPA, the main new feature in the channel feedback is the
frequency selectivity of the report. This is an enabler for the Frequency Domain Packet
Scheduling (FDPS). Since providing a full 4-bit CQI for all the PRBs would mean excessive
uplink signaling overhead of hundreds of bits per subframe, some feedback compression
schemes are used.

To reduce feedback, the CQI is reporter per sub-band basis. The size of the sub-bands varies
depending on the reporting mode and system bandwidth from two consecutive PRBs up to
whole system bandwidth.

The main CQI compression methods are:

e wideband feedback
e Best-M average (UE-selected sub-band feedback)
e higher layer-configured sub-band feedback.

Additionally, delta compression can be used in combination with the above options, e.g.
when a closed loop MIMO CQI for the 2nd codeword can be signaled as a 3-bit delta relative
to the CQI of the 1st codeword. When the number of sub-bands is large this leads to consider-
able savings in signaling overhead.

5.9.6.4 Wideband Feedback

The simplest way to reduce the number of CQI bits is to use only wideband feedback. In
wideband feedback only a single CQI value is fed back for the whole system band. Since
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no information about the frequency domain behavior of the channel is included, wideband
feedback cannot be used in FDPS. Often, however, this is still sufficient, e.g. PDCCH link
adaptation or TDM-like scheduling in low loaded cells do not benefit from frequency selective
CQI reporting. Also, when the number of scheduled UEs gets high, the total uplink signaling
overhead due to detailed CQI reports may become excessive and the wideband CQI reports
are the only alternative.

5.9.6.5 Best-M Average

Best-M average is an effective compromise between the system performance and the uplink
feedback signaling overhead. The principle of the Best-M average compression is shown in
Figure 5.46. In Best-M average reporting the UE first estimates the channel quality for each
sub-band. Then it selects the M best ones and reports back to the eNodeB a single average
CQI corresponding to the MCS/TBS the UE could receive correctly assuming that the eNodeB
schedules the UE on those M sub-bands. The parameter M depends on the system bandwidth
and corresponds to roughly 20% of the whole system bandwidth.

5.9.6.6 Higher Layer-configured Sub-band Feedback

In higher layer-configured sub-band feedback a separate CQI is reported for each sub-band using
delta compression. This will result in the best performance at the cost of feedback overhead:
the payload size of the reports can be as large 64 bits. To keep the signaling on a manageable
level, the sub-band sizes with Full Feedback reporting are twice as large as with Best-M aver-
age. This will limit the accuracy and performance in very frequency selective channels, where
Best-M average may be a better alternative.

M = 3 best Subbands are selected and an average COI value is reported

/ . S Channel SINR

[Subband index 1 2 3 4 5 6 7 8
PRB index 12345678 ]ofofJumfr2fn]ifi1s

Figure 546 The principle of the Best-M average compression. An average CQI value is reported for
the M best sub-bands
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5.9.7 Multiple Input Multiple Output (MIMO) Antenna Technology

In the Release 8 LTE specifications there is support for multi-antenna operation both in terms of
transmit diversity as well as spatial multiplexing with up to four layers. The use of MIMO with
OFDMA has some favorable properties compared to WCDMA because of its ability to cope effec-
tively with multi-path interference. In WCDMA, MIMO was introduced in Release 7 but has not
yet been deployed. In LTE, MIMO is part of the first release and also part of the device categories
with the exception of the simplest device type, as shown in section 5.9. The use of more than a
single antenna in an eNodeB will not result in a problem with non-MIMO LTE devices because
all devices can cope with the transmit diversity up to four antennas. Thus full transmit power can
always be used regardless of the number of transmit antennas included. As shown in Chapter 4, the
reference symbols are transmitted so that they have separate time and frequency domain resources
for each antenna port to allow for good separation of different antennas and robust channel estima-
tion, while the actual user data then overlap in the time and frequency domains.

Perhaps the most attractive mode of MIMO operation is spatial multiplexing, which allows
an increase in the peak rates compared to the non-MIMO case by a factor of 2 or 4, depending
on the eNodeB and the UE antenna configuration. In LTE the MIMO modes supporting spatial
multiplexing are:

e Transmission mode 3 — Open-loop spatial multiplexing. The UE reports the RI but no pre-
coding feedback. Based on the RI the eNodeB scheduler can select the number of layers
used in spatial multiplexing. In the case of rank = 1, TX diversity is used. With a higher
rank, large delay CDD is applied with deterministic pre-coding.

e Transmission mode 4 — Closed-loop spatial multiplexing. Here the UE reports both the RI
and index of the preferred pre-coding matrix. Dynamic rank adaptation is supported on the
eNodeB, which signals the applied pre-coding vector to the UE in the Downlink grant.

The UE provides feedback for the MIMO operation (as discussed in section 5.6.9.1) and
the eNodeB selects the pre-coding vectors and the number of layers to use accordingly, as
illustrated in Figure 5.47. This has some similarity with the MIMO solution in WCDMA,
which is based on the closed loop feedback from the UE. In LTE some of the parameters in
the downlink assignments are intended for MIMO control, either for informing the device of

Different Data Streams
& Different Reference

Use of the Same
Frequency Resource

Figure 5.47 Single user MIMO principle
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Only single stream

UE2 Use of the Same
Frequency Resource

Figure 5.48 Multi-user MIMO transmission principle

the pre-coding applied or whether or not to swap the transport blocks between the code words
in the retransmissions.

One specific mode of MIMO operation is the Multi-User MIMO (MU-MIMO) where the
eNodeB is sending from two (also four possible from the specifications) antenna ports different data
streams intended for different devices. The principle of MU-MIMO is illustrated in Figure 5.48.

5.9.8 Cell Search Procedure

The first action for a LTE device to be performed upon power on is the cell search. In LTE
the cell search procedure is based on the use of synchronization signals. Similar to WCDMA,
there are primary and secondary synchronization signals (called synchronization channels in
the WCDMA specification). The cell search steps are as follows:

e Thedevice will look for the primary synchronization signal at the center frequencies possible
at the frequency band in question. There exist three different possibilities for the primary
synchronization signal as described in section 5.8.6.

e Once the primary synchronization signal has been detected, the UE will look for the second-
ary synchronization signal.

e Once one alternative of the 168 possible secondary synchronization signals is detected, the
UE has figured out the Physical Cell ID (PCI) value from the address space of 504 IDs.

From the PCI the UE has information about the parameters used for downlink reference
signals and thus the UE can decode the PBCH. All this is independent of the actual system
bandwidth in question. The LTE network specifications also support automated PCI planning
as part of the Self Organization Networks (SON) functionality, as described in section 5.12.

5.9.9 Half Duplex Operation

The LTE specifications also enable half duplex operation, which is basically FDD mode opera-
tion (i.e. separate transmission and reception frequency) but transmission and reception do not
occur simultaneously, as happens in TDD mode. The intention in 3GPP has been to have an
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Figure 5.49 LTE FDD half duplex operation

option for the cases where due to the frequency arrangements the resulting requirements for
the duplex filter would be unreasonable, resulting in high cost and high power consumption.
The duplex operation principle is illustrated in Figure 5.49. It remains to be seen whether the
performance requirements for some bands will be specified with the half duplex operation
in mind. The eNodeB would obviously need to be aware if some devices are based on half
duplex operation. The impact for the data rates would be that uplink and downlink would no
longer be independent but the available data rate in one transmission direction would depend
on the resources allocated for the other direction. Similar to TDD operation, one would need
to schedule the data on a device basis (not on a system basis like in TDD) so that there is no
conflict between uplink and downlink allocations for one UE. Also time would be needed for
the UE to change between transmit and reception.

5.10 UE Capability Classes and Supported Features

In LTE there are five device capability classes defined. The supported data ranges run from
5 to 75Mbps in the uplink direction and from 10 to 300 Mbps in the downlink direction. All
devices support the 20 MHz bandwidth for transmission and reception, assuming that for the
given frequency band this has been specified. It is foreseen that for most cases with frequency
bands below 1 GHz the interest is with the smallest bandwidths and support for up to 20 MHz
will not be specified. For bands above 1 GHz, bandwidths below 5 MHz will often not be needed.
Only a category 5 device will do 64QAM in the uplink, others use QPSK and 16QAM. The
receiver diversity and MIMO are in all categories, except in category 1, which does not support
MIMO. The UE categories are shown in Table 5.5. The step in the data rates up to 300 Mbps

Table 5.5 LTE device categories

Category 1 Category 2 Category 3 Category 4 Category 5
Peakrate  10/5 Mbps 50/25 Mbps 100/50 Mbps 150/50 Mbps 300/75 Mbps
DL/UL
Modulation QPSK/16QAM/64QAM
DL
Modulation QPSK/16QAM QPSK/16QAM QPSK/16QAM QPSK/16QAM  QPSK/16QAM +
UL 64QAM
MIMODL Optional 2x2 2x2 2x2 4x4
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with category 5 is achieved with the four antenna MIMO transmission, which is not supported
by the other categories.

The actual device capabilities are behind other signaling not just these categories. While
these categories mainly define the boundaries for the data rates, the test case prioritization
in 3GPP also defines what the first phase devices will and will not support. 3GPP uses three
different levels for prioritization of the test cases based on the input created by the operators
planning to take the system into use. The latest version during writing of this can be found
from [19]. The levels are:

e High priority, which refers to the features that are planned to be in the first phase deploy-
ments. This is the highest test case category for number of features (as some of the undesired
issues were removed from the specifications in the early stages).

e Medium priority, which refers to features planned to be used a few years after initial deploy-
ments. Originally this priority level contained features such as large delay CDD, but then
it proved difficult (impossible) to deploy later if there were devices not able to reach, for
example, PBCH based on this. Similarly the extended cyclic prefix was originally in this
class but deploying it later was found to be problematic if there is an existing population of
devices unable to support it (due to lack of test cases).

e Low priority, which refers to features where no immediate plans exist for deployments
from the 3GPP operator perspective. An example is the UE specific reference symbols
for FDD mode operation, which reflects the lack of interest for adaptive antenna arrays in
the industry for Release 8 FDD. This is similar to WCDMA where support for dedicated
pilots was removed from a later version of the specifications due to lack of practical inter-
est for introducing adaptive antennas. (The WCDMA system contains other means for
dealing with adaptive antenna arrays as covered in [5].) In the TDD mode of operation,
this feature is a high priority test case to show that many sites using the 1.28 Mcps TDD
(TD-SCDMA) in China are based on adaptive antenna arrays. To enable smooth evolution
toward LTE, then also LTE devices operating in TDD mode should allow the use of the
same antenna structures along with other aspects of LTE TDD mode and TD-SCDMA
co-existence as covered in Chapter 12.

5.11 Physical Layer Measurements
5.11.1 eNodeB Measurements

As all the radio functionalities are located in eNodeB, there are few eNodeB measurements that
would need to be reported over any interface as there is no separate centralized RRM functional-
ity like the radio network controller in WCDMA. The eNodeB measurements specified in the
physical layer specifications in Release 8 in the downlink are as follows [4]:

e the power used (power contribution) for the resource elements that are used to transmit
cell-specific reference signals from the eNodeB (in the system bandwidth);

e received interference power per physical resource block;

e thermal noise power over the system bandwidth.

The motivation for these measurements is to enable their consideration in the handover
decisions of the relative base station strengths as well as to facilitate inter-cell interference
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coordination, as illustrated by part of the X2-interface signaling in Chapter 5. eNodeB may
use these internally for different purposes in addition to the other information available for
eNodeB.

In 3GPP there are additional indicators as part of the Operation and Maintenance (O&M)
specifications to support monitoring the system performance.

5.11.2 UE Measurements and Measurement Procedure

For the UE the following measurements are to be performed inside the LTE system:

e Reference Signal Received Power (RSRP), which for a particular cell is the average of the
power measured (and the average between receiver branches) of the resource elements that
contain cell-specific reference signals.

e Reference Signal Received Quality (RSRQ) is the ratio of the RSRP and the E-UTRA Carrier
Received Signal Strength Indicator (RSSI), for the reference signals.

e E-UTRA RSSI, which is the total received wideband power on a given frequency. Thus it
includes the noise ‘from the whole universe’ on the particular frequency, whether that is
from interfering cells or any other noise source. E-UTRA RSSI is not reported by the UE
as an individual measurement (as indicated in the early versions of [4] until June 2008), but
it is only used in calculating the RSRQ value inside the UE.

The scheduling will create sufficient DTX/DRX gaps for the device to perform the measure-
ment. In WCDMA there were specific frames in use with compressed mode when one needed
to turn off the transmitter and/or receiver to measure other frequencies, as covered in [5], and
most of the measurements were related to the Common Pilot Channel (CPICH).

The following measurements exist for the inter-system:

e UTRA FDD CPICH (CPICH) Received Signal Code Power (RSCP), which represents
the power measured on the code channel used to spread the primary pilot channel on
WCDMA.

e UTRA FDD (and TDD) carrier RSSI is the corresponding wideband power measurement
as also defined for LTE.

e UTRA FDD CPICH Ec/No is the quality measurement, like RSRQ in LTE, and provides
the received energy per chip energy over the noise.

e GSM carrier RSSI represents the wideband power level measured on a particular GSM
carrier.

e UTRA TDD Primary Common Control Physical Channel (P-CCPCH) RSCP is the code
power of the UTRA TDD broadcast channel.

e CDMAZ20001xRTT and HRPD Pilot Strengths are the power on the respective pilot channel
(code) when considering the handover to cdma2000°®.

5.12 Physical Layer Parameter Configuration

The physical layer parameters to configure for connection in a particular cell are the responsibil-
ity of the particular eNodeB. Several issues will come from the O&M settings, such as the cyclic
prefix lengths to be used. For some parameters, 3GPP has been developing Self Organizing
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4. Adjust PCT if

3. PCI IDs of next tier eNodeBs

1. Measurement

report (PCIs found)

2. Establish
X2-connections

Figure 5.50 Self configuration for PCI

Network (SON) solutions. In the physical layer this covers the Physical Cell ID (PCI), as shown
in Figure 5.50. When installing a new cell, the principle is that the cell could select the PCI
randomly and once the first measurement report has been obtained from any UE, it learns the
PClIs that are in use near by. After that eNodeB knows the neighbors and it can establish the X2
connections (UE then needs to be instructed also to decode the BCH to get the global cell ID
after which the O&M system can provide the connection information for X2 creation). Once
the X2 connections provide information about the PCI values used in nearby cells, the cell can
confirm whether the selected PCI needs to be adjusted or not. Alternatively, the PCI could be
obtained directly from O&M, thus avoiding initial conflicts for PCIs between nearby cells.

5.13 Summary

The LTE physical layer has been built on top of OFDMA (for downlink) and SC-FDMA (for
uplink) technologies. The resource allocation is dynamic with 1 ms resolution in the time domain
and 180kHz in the frequency domain, making the radio resource utilization well matched to
the packet nature of the communication. The physical layer facilitates advanced features known
from HSDPA/HSUPA, such as physical layer retransmission, link adaptation, multi-antenna
transmission and physical layer eNodeB based scheduling. Additionally there are new proper-
ties which take into account the possibilities of new radio access technology, such as frequency
domain scheduling, that is facilitated in terms of both physical feedback methods and signaling
to make the uplink and downlink resource allocations to the advantage of the frequency domain
element. The maximum data rates within the Release 8 UE categories run up to 300 Mbps in
downlink and 75 Mbps in the uplink direction. The physical layer design adapts well to the
support of different system bandwidths as common channels are not dependent on the actual
system bandwidth operated but are always based on the use of resources within the 1.08 MHz
block at the center frequency.
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6

LTE Radio Protocols

Antti Toskala and Woonhee Hwang

6.1 Introduction

The role of the LTE radio interface protocols is to set up, reconfigure and release the Radio
Bearer that provides the means for transferring the EPS bearer (as presented in Chapter 3).
The LTE radio interface protocol layers above the physical layer include Layer 2 protocols;
Medium Access Control (MAC), Radio Link Control (RLC) and Packet Data Convergence
Protocol (PDCP). Layer 3 consists of the Radio Resource Control (RRC) protocol, which is
part of the control plane. The protocol layer above (for the control plane) is the Non-Access
Stratum (NAS) protocol that terminatesin the core network side and was addressed in Chapter
3. This chapter describes the general radio interface protocol architecture and then the main
functions of theMAC, RLC, PDCP and RRC layersareintroduced. The radio protocol aspects
of the control plane of the X2 interface — the interface between eNodeBs — is also covered.
This chapter concludes with the introduction of the LTE Inter Operability Testing (10OT) bits
intended for early UE handlingin LTE.

6.2 Protocol Architecture

Theoverall LTE radio interface protocol architectureis shownin Figure 6.1, covering only the
protocol part of the radio accessin LTE. Additionally there are protocols in the core network
that are between the UE and the core network but these are transparent to the radio layers and
are generally referred to as Non-Access Stratum (NAS) signaing.

The physical layer carries the transport channels provided by the MAC layer. The transport
channels, listed in Chapter 5, describe how and with what characteristics data are carried on
the radio interface on the physical channels. The MAC layer offersthe logical channelsto the
RLC layer. The logical channels characterize the type of data to be transmitted and are cov-
ered in detail in section 6.4. Above the RLC layer there is the PDCP layer, now used for both
the control and the user plane, in contrast to WCDMA where it was only used for user plane
data. Layer 2 provides upwards radio bearers. Signaling Radio Bearers (SRBs) carry the RRC

LTE for UMTS: OFDMA and SC-FDMA Based Radio Access Edited by Harri Holmaand Antti Toskala
© 2009 John Wiley & Sons, Ltd. I1SBN: 978-0-470-99401-6
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Figure6.1 LTE Radio Protocol Stacks

signaling messages. Correspondingly the user plane Radio Bearers (RBs) carry the user data.
As described in Figure 6.2 on radio protocol architecture for the control plane, MAC, RLC,
PDCPand RRC areall located in the eNodeB. With WCDMA RRC and PDCPwere bothinthe
RNC, and the MAC layer was either in aNodeB (especially for HSPA) or in a Radio Network
Controller (RNC) in case of Release’ 99 WCDMA.

The control plane signaling between different network elementsiscarried onthe X2 interface
for inter-eNodeB communications. For the traffic between the Mobility Management Entity
(MME) and eNodeB the SI_MME is used for mobility management related signaling in the
control plane. Thecontrol planeinterfacesinside E-UTRAN and between E-UTRAN and MME
are shown in Figure 6.3, as introduced in Chapter 3. All the radio mobility related decisions
are still carried out in eNodeB but the MME acts as the mobility anchor when the UE moves
between different eNodeBs. The X 2 protocol stack itself isnot shown, but rather thearchitectural
aspects. The full protocol stack for X2, including the underlying transport layers, is described
in Chapter 3, while later in this chapter more details are discussed for radio related signaling

UE eNodeB

\ RRC | RRC |
\ PDCP | } PDCP |
\ RLC | } RLC |
\ MAC < > MAC |
‘ Physical Layer } } Physical Layer ‘

Figure6.2 LTE control planeradio protocolsin LTE architecture
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Figure 6.3 LTE control plane radio protocols in LTE architecture
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Figure 6.4 LTE user plane radio protocols in LTE architecture

in the X2 Application Protocol (X2AP). Note also that most of the RRC signaling traffic goes
through the PDCP layer, thus PDCP is part of the control plane as well.

For the user plane, similarly all the network side user plane radio protocols are located in the
eNodeB as shown in Figure 6.4. This was enabled from the system design point of view also
because the radio technology chosen does not need macro-diversity, thus flat architecture was easily
facilitated without the need for providing the user data continuously over the X2 interface.

6.3 Medium Access Control

The MAC layer maps the logical channels to transport channels, as shown in Figure 6.5. The
other tasks of the MAC layer in LTE are:
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Logical Channels BCCH PCCH
l l l | | |
Scheduling/Priority Handling
l | l l
Multiplexing UE, Multiplexing UE,
| |
HARQ HARQ
| |

Transport Channels

Figure 6.5 MAC layer (downlink)

e MAC layer multiplexing/demultiplexing of RLC Payload Data Units (PDUs) belonging
to one or different radio bearers into/from Transport Blocks (TB) delivered to/from the
physical layer on transport channels; also the Padding if a PDU is not fully filled with
data.

e Traffic volume measurement reporting, to provide RRC layer information about the traffic
volume experienced.

e Error correction through HARQ, to control the uplink and downlink physical layer retrans-
mission handling in the eNodeB together with the scheduling functionality.

e Priority handling between logical channels of one UE and between UEs by means of dynamic
scheduling, thus the scheduling in the eNodeB is considered as MAC layer functionality
similar to HSPA.

e Transport format selection (as part of the link adaptation functionality in the eNodeB sched-
uler).

Compared to WCDMA there is no ciphering functionality in the MAC layer, neither is
there transport channel type switching as the user data are only transmitted over a single
type of transport channel (Uplink Shared Channel [UL-SCH] or Downlink Shared Channel
[DL-SCH]). As the user identification is based on the physical layer signaling, there is no
need to use the MAC layer for UE identification. The downlink MAC layer functionality in
Figure 6.5 is otherwise identical in the uplink direction, but obviously the Broadcast Control
Channel (BCCH) and Paging Control Channel (PCCH) are not present there and only one user
is considered in the UE uplink MAC structure. The MAC layer details in 3GPP are covered
in [1]. The MAC layer specification also covers the random access procedure description,
including the power ramping parameterization as covered in connection with the physical
layer description in Chapter 5.

6.3.1 Logical Channels

The MAC layer provides the service to the RLC layer by logical channels. Different logical chan-
nels are defined for different data transfer services in the uplink and downlink directions.
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The uplink logical channels mapping to transport channels are shown in Figure 6.6. The

following logical channels are defined in LTE uplink:

Common Control Channel (CCCH) transfers control information between the UE and the
network; used when no RRC connection exists between the UE and the network.
Dedicated Control Channel (DCCH) is a point-to-point channel for dedicated control infor-
mation between the UE and the network.

Dedicated Traffic Channel (DTCH) carries all the user data for point-to-point connection.

In the uplink direction all the logical channels are mapped to the UL-SCH, there is no logical

channel mapped on the Random Access Channel (RACH) as it is not carrying any information

above the MAC layer.

The following logical channels are defined in the LTE downlink, with the mapping to the

downlink transport channels as illustrated in Figure 6.7:

CCCH, DCCH and DTCH have the same functionality as their uplink counterparts, now just
delivering the control or user data information in the downlink direction. They are mapped
to the DL-SCH in the transport channels.

Multicast Control Channel and Multicast Traffic Channel are not included in the Release 8
version of the specifications but are expected to be part of Release 9 LTE (or a later release)
version, due at the end of 2009. Their intention is to carry multicast data (and related control
information) in a point-to-multipoint fashion, similar to the Multimedia Broadcast Multicast
Service (MBMS) part of WCDMA in Release 6.

BCCH carries the broadcast information, such as the parameters necessary for system access.
It uses the Broadcast Channel (BCH) as the transport channel for the Master Information
Block (MIB) while the actual System Information Blocks (SIBs) are mapped on DL-SCH.

Paging Control Channel (PCCH) carries the paging information, to enable the network to
page a device not in connected mode and is mapped to the Paging Channel (PCH).

Logical Channels CCCHDCCHDTCH
Transport Channels RACH UL-SCH
Physical Channels PRACH PUSCH

Figure 6.6 PDCP layer operation

RLC BCCH PCCH CCCHDCCHDTCHMCCHMTCH

7 - 2 L

MAC BCH P DL-SCH MCH

| T

L1 PBCH PDSCH PMCH

Figure 6.7 Mapping of the downlink logical and transport channels
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6.3.2 Data Flow in MAC Layer

The MAC layer receives data from the RLC layer, as MAC Service Data Units (SDUs). The
MAC PDU then consists of the MAC header, MAC SDUs and MAC control elements. The
MAC control elements carry important control information that is used for several control
functionalities, as shown in Figure 6.8. In the uplink direction (in connection with UL-SCH),
in additionto data(in MAC SDU) the MAC payload can also contain severa control informa-
tion elements, such as:

e buffer status report, to tell how many datathere are in the UE waiting for transmission and
information about the priority of the datain the buffer;

e power headroom report to indicate the available uplink transmission power resources,

e contention resolution procedure information (CCCH and C-RNTI).

In the downlink direction (in connection with DL-SCH), the following control information
can be carried in the MAC control elements:

e control of the Discontinuous Reception (DRX) operation (when to start, when to stop, etc.);
e timing advance commands to adjust uplink timing;
e contention resolution information.

The MAC header and payload for RACH are different, as is the key to enable the access
procedure to be completed and deal with potential collisions or overload situationsin the cell

DL-SCH: Types of payload UL-SCH: Types of payload
elements elements
Logical channel identity Logical channel identity
CCCH CCCH
UE contention resolution identity Power Headroom Report
Timing Advance C-RNTI
DRX command Short Buffer Status Report
Field lengths Long Buffer Status Report
MAC header | MAc control Etements| Mac spu ] .. | Mac sDu | Padding |
A _
—

Payload with typeindicated in the header

Figure6.8 MAC PDU structure and payload types for DL-SCH and UL-SCH
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MAC header with RAR includes: MAC RAR contents:
Type Temporary C-RNTI
Back-off Indicator Timing Advance
Random Access Preamble | dentifier Uplink grant
MAC header | macrar1 | MacraR2 | ... [ MACRARN |
\_ 5%
~
Payload

Figure6.9 MAC PDU structure with random access response

that might have occurred. The MAC layer random access signaling isindicated in Figure 6.9,
and it consists of the necessary control information needed to enable data transmission after a
successful RACH procedure (detection of preamble after the ramping as covered in Chapter
5). The information transmitted in the MAC Random Access Response (RAR) covers:

timing advance indicating the necessary adjustment needed for the uplink transmission to
ensure different usersfit without overlap or extraguard periods for the 1 msresource alloca-
tions;

uplink grant indicates the detailed resources (time and frequency domain) to be used in the
uplink direction;

temporary C-RNTI provides the UE with atemporary identity to be used in completing the
random access operation;

the header indicates possibl e back-off and theidentification of the preamblereceived, which
the UE had chosen (randomly) in connection with the physical layer random access procedure
as described in Chapter 5.

6.4 RadioLink Control Layer
The RLC layer has the following basic functionalities:

transferring the PDUsreceived from higher layers, i.e. from RRC (Common Control Channel)
or PDCP (other cases, including user plane);

then (depending on the RLC mode used), error correction with ARQ, concatenation/seg-
mentation, in-sequency delivery and duplicate detection may be applied;

protocol error handling to detect and recover from the protocol error states caused by, for
example, signaling errors.
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Fundamentally the key difference of the LTE RLC specifications [2] when compared to
WCDMA isthelack of ciphering functionality in RLC. Also the re-segmentation before RLC
retransmission is enabled. Thus compared to the order of sequencesin [3], the buffer is before
segmentation/concatenation functionality.

6.4.1 RLC Modes of Operation
The RLC can be operated in three different modes:

e Transparent Mode (TM). Inthe TM mode the RLC only delivers and receivesthe PDUs on
alogical channel but does not add any headers to it and thus no track of received PDUsis
kept between the receiving and transmitting entity. The TM mode of operationisonly suited
for servicesthat do not use physical layer retransmissionsor that are not sensitiveto delivery
order. Thusfrom thelogical channel only BCCH, CCCH and PCCH can be operated in TM
mode. In WCDMA the AMR speech call (also CS video) was used in transparent mode as
well because there were no retransmissions, but now because all the user data have physical
layer retransmissions and as the minimum in-sequence delivery is expected, other modes
are used instead.

e Unacknowledged Mode (UM) of operation does provide more functionality, including
in-sequence delivery of data which might be received out of sequence due to HARQ
operationinlower layers. The UM Data(UMD) are segmented or concatenated to suitable
size RLC SDUs and the UMD header is then added. The RLC UM header includes the
sequence number for facilitating in-sequence delivery (as well as duplicate detection).
Asshownin Figure 6.10, the receiving side will then be based on the header information
due to the re-ordering and then the necessary reassembly in response to the segmenta-
tion or concatenation is applied. In addition to the DCCH and DTCH, the UM RLC has
been planned for use with multicast channels (MCCH/MTCH) expected to be completed
beyond Release 8.

e Acknowledged Mode (AM) of RLC operation provides, in addition to the UM mode func-
tionalities, also retransmission if PDUs arelost as aresult of operationsin the lower layers.

UM-SAP
)
Transmitting side \ Receiving side
Reassembly

N Transmission buffer -
~ § Receiving buffer )

& HARQ Reordering

Segmentation/
concatenation

‘ UMD Header ‘ Data Field ‘ ‘ UMD Header Data Field ‘
DCCH/DTCH DCCH/DTCH

Figure6.10 RLC UM operation
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Transmitting side

N Transmission buffe —
Retransmission |_ [ Segmentation/
buffer concatenation

‘ AMD Header | Data Field ‘ ‘ AMD Header | Data Field ‘
DCCH/ DCCH/
DTCH DTCH

Figure6.11 RLCAM mode operation

TheAM Data (AMD) can also be re-segmented to fit the physical layer resources available
for retransmissions, as indicated in Figure 6.11. The Header now contains information on
the last correctly received packet on the receiving side along with the sequence numbers,
as for the UM operation.

6.4.2 Data Flow in RLC Layer

For theAM RLC operation, the RLC layer receives the data from the PDCP layer, the dataare
stored in the transmission buffer and then, based on the resources available, segmentation or
concatenation is used. In the downlink direction (DTCH/DCCH) the following control means
are available for AM RLC purposes, either inthe AMD PDU or in the status PDU:

e 10 bit Sequence Number (SN), to enable along enough in-sequence delivery window;
e last correctly received SN and incorrectly received SN(s) (detected to be lost).

When thereceiving entity getsaRLC PDU, it checks for possible duplicated parts and will
then forward it further for re-assembly (assuming no SNsare missing in between) and provides
datato the next protocol layer (in this case for PDCP) for further processing. If therewasa SN
missing, the receiving entity will request a retransmission from the transmitting side.

6.5 Packet Data Convergence Protocol

The Packet Data Convergence Protocol (PDCP) is located above the RLC layer of the user
plane and PDCP is also used for most of the RRC messages. The key difference to WCDMA
isthat now all user data go viathe PDCP layer, because ciphering is now in the PDCP, which
islocated in the eNodeB. In some early plans of the LTE architecture PDCP was on the other
side of the Sl interface (on the core network) but was later placed in eNodeB aong with all
other radio protocols. The key functionalities of the PDCP are:
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e Header compression and corresponding decompression of the IP packets. This is based on
the Robust Header Compression (ROHC) protocol, specified in the Internet Engineering Task
Force (IETF) [4-9] and also part of the WCDMA PDCP layer. Header compression is more
important for smaller IP packets in question, especially in connection with the VoIP service,
as the large IP header could be a significant source of overhead for small data rates.

e Ciphering and deciphering both the user plane and most of the control plane data, a func-
tionality that in WCDMA was located in the MAC and RLC layers.

e Integrity protection and verification, to ensure that control information is coming from the
correct source.

The PDCP layer receives PDCP SDUs from the NAS and RRC and after ciphering and
other actions, as shown in Figure 6.12 for operation of packets that are associated to a PDCP
SDU, the data are forwarded to the RLC layer. Correspondingly, in the receiving side the data
are received from the RLC layer. Besides the functionalities listed above, the PDCP layer has
specific functions in connection with the handover events (intra-LTE). The PDCP does the in-
order delivery function in the downlink direction and detects duplicates. In the uplink direction,
PDCP retransmits all the packets which have not been indicated by lower layers to be completed,
as the lower layers will flush all the HARQ buffers with handover. In the downlink direction,
the PDCP layer will forward the non-delivered packets to the new eNodeB as described in the
Chapter 7. This is to ensure that no data are lost in connection with a handover event between

LTE eNodeBs. The LTE PDCP specification in 3GPP is covered in [10].

6.6 Radio Resource Control (RRC)

Radio Resource Control messages are a major part of the control information exchanged between
the UE and E-UTRAN. The RRC in E-UTRAN has been simplified significantly compared to
that in UTRAN by reducing the number of messages and the redundancies in the messages.
RRC uses the same protocol language as WCDMA — Abstract Syntax Notation One (ASN.1)

NAS
— —
Transmitting side Receiving side
Sequence _
numbering Re-ordering
Control Plan User Plane
Integrity Header | Integrity ‘ ‘ Header ‘
protection compression protection decompression
Control Plane User Plane
| Ciphering ‘ | Deciphering |
| PDCP Header| Data Field | | PDCP Header| Data Field |
RLC RLC

Figure 6.12 PDCP layer operation for the packets which are associated to a PDCP SDU
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—as it has been efficient in facilitating the evolution between different release versions with an
extension capability within ASN.1. The encoding on the X2 and S1 interface messages also uses
ASN.1. The LTE RRC specification in [11] has the ASN.1 message descriptions at the end.

6.6.1 UE States and State Transitions Including Inter-RAT

Contrary to the UTRAN (WCDMA), UE states in E-UTRAN are also simplified significantly
and there are only two states, i.e., RRC_CONNECTED and RRC_IDLE, depending on whether
the RRC connection has been established or not.

In the RRC_IDLE state, the UE monitors a paging channel to detect incoming calls, acquires
system information and performs neighboring cell measurement and cell (re)selection. In this
state, a UE specific DRX may be configured by the upper layer and the mobility is controlled
by the UE.

In the RRC_CONNECTED state, the UE transfers/receives data to/from the network. For
this, the UE monitors control channels that are associated with the shared data channel to
determine if data are scheduled for it and provides channel quality and feedback information
to eNodeB. Also in this state, the UE performs neighboring cell measurement and measure-
ment reporting based on the configuration provided by eNodeB. In contrast with the UTRAN
system, the UE can acquire system information from BCCH during the RRC_CONNECTED
state. At lower layers the UE may be configured with a UE specific DRX and the mobility is
controlled by the network, i.e. handover.

6.6.1.1 E-UTRAN States and Inter-RAT State Mobility

Figure 6.13 shows the mobility support between E-UTRAN, UTRAN and GSM EDGE Radio
Access Network (GERAN). As CELL_FACH in UTRAN is considered a very short period, a
direct transition from UTRAN CELL_FACH to E-UTRAN RRC state is not supported.

UTRAN E- UTRAN GERAN
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'
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'
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Figure 6.13 E-UTRAN RRC States and State transitions among 3GPP systems
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6.6.1.2 Signaling Radio Bearers (SRB)

SRBs are special radio bearers which convey only RRC messages and NAS messages. There
are three SRBs defined. SRBO is used for RRC messages using CCCH, like during RRC
connection set-up or during radio link failure. Thus, for instance, the following messages are
transferred via SRBO: RRC Connection Request message, RRC Connection Setup message,
RRC Connection Reject message, RRC Connection Reestablishment Request message, RRC
Connection Reestablishment message, RRC Connection Reestablishment Reject message. Once
a RRC connection is established, SRB1 is used to transfer both RRC messages using DCCH
and NAS messages until the security is activated. Once the security is successfully activated,
SRB2 is set up and NAS messages are transferred via SRB2 while RRC messages are till
transferred via SRB1. SRB2 has alower priority than SRB1.

6.6.2 RRC Functions and Signaling Procedures
The following functions are provided by RRC protocol layer:

e broadcast of system information

e paging

establishment, maintenance and release of an RRC connection between the UE and
eUTRAN

security functions including key management

establishment, configuration, maintenance and release of point-to-point Radio Bearers
UE measurement reporting and control of the reporting

handover

UE cell selection and reselection and control of cell selection and reselection

context transfer between eNodeBs

NAS direct message transfer between network and UE

UE capability transfer

generic protocol error handling

support of self-configuration and self-optimization.

6.6.2.1 Broadcast of System Information

System information contains both non-access stratum (NAS) and access stratum (AS) related
information. Based on the characteristics and usages of the information, the system informa-
tion elements are grouped together into Master Information Block (MIB) and different System
Information Blocks (SIBs).

As MIB is the most important information block, MIB is transferred on the BCH every
40msand isrepeated within 40ms. Thefirst transmission of the MIB is scheduled at SFN mod
4=0inthe subframe#0. UE will acquire MIB to decode SCH. The MIB containsaDL system
bandwidth, PHICH configuration and a system frame number (SFN).

SIB1 is scheduled in a fixed manner with a periodicity of 80ms and is repeated within
80ms. The first transmission of the SIB1 is scheduled at SFN mod 8=0 in the subframe #5.
SIB 1 contains cell access related information (e.g. a PLMN identity list, tracking area code,
cell identity, etc.), information for cell selection (e.g. minimum required Rx level in the cell
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and offset), p-Max, a frequency band indicator, scheduling information, TDD configuration,
SI-window length and system information value tag.

All other SIBs except SIB1 are contained in SI message(s). Each SI message is transmit-
ted periodically in time domain windows (i.e. SI-Window) and SI-Windows for different SI
messages do not overlap. The length of a SI-window is defined in SIB1 and is common for all
SI messages.

Figure 6.14 shows how the UE can find each ST message to read the SIBs in it.

SIB2 is not listed in the scheduling information in SIB1 but the first ST message contains
SIB2 as the first entry.

SIB2 contains radio resource configuration information which is common to all UEs. More
specifically, SIB2 includes access barring information, radio resource configuration of common
channels (RACH configuration, BCCH configuration, PCCH configuration, PRACH configura-
tion, PDSCH configuration, PUSCH configuration and PUCCH configuration, sounding refer-
ence signal configuration, uplink power control information), timers and constants which are
used by UEs, MBSFN subframe configuration, time alignment timer and frequency information
(UL EARFCN, uplink bandwidth and additional spectrum emission).

SIB3 contains cell-reselection information that is common for intra-frequency, inter-fre-
quency and/or inter-RAT cell re-selection. Speed dependent scaling parameters are also included
in SIB3 to provide a different set of re-selection parameters depending on UE speed.

SIB4 contains neighbor cell related information only for intra-frequency cell re-selection.
Thus in addition to intra-frequency neighboring cell list with Q an intra-frequency black-
listed cell list is also included in SIB4.

SIBS contains information relevant only for inter-frequency cell re-selection like E-UTRAN
inter-frequency neighboring cell related information and E-UTRAN inter-frequency blacklisted
cell list.

offset”

SIB1

cellAccessRelatedInformation;
cellSelectioninfo;
P-Max;

frequecyBandindicator; ‘\_{g 1:{ 8, S B2,SIB3, S B4}~

schedulingInformation; SI2- 16 SIB5
S13:{32, SIB6, S B7, SIB8}~]
si-Window=5ms; oot
systemInformationValueTag seFeredicty
oo | | | % I | |
SFN 10 20 50 100 150 160 200 320

determine integer value x = (n— 1)*w, where n is the order of entry in the list of S| message
and w 1s the si-WindowLength

si-Window starts at subframe #a, where a = x mod 10, in the next radio frame for which
SFNmod T = FLOOR (x/10) where T is the si-Periodicity of the concerned S| message

Figure 6.14 Acquisition of SI message
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SIB6 contains information relevant only for cell re-selection to the UTRAN. Thus UTRA
FDD and TDD frequency information isincluded in SIB6.

SIB7 containsinformation relevant only for cell re-sel ection to the GERAN such as GERAN
neighboring frequency list.

SIB8 containsinformation relevant only for cell re-selection to the cdma2000® system. Thus
SIB8 contains cdma2000® system time information, HRPD related parameters and 1IXRTT
related parameters.

SIB9 contains a home eNodeB identifier, which is a maximum of 48octets so that the UE
can display the home eNodeB identifier to help manual home eNodeB selection.

SIB10 contains Earthquake and Tsunami Warning System (ETWS) primary notification and
SIB 11 contains ETWS secondary notification.

In case the system information is modified, the SI messages may be repeated during the
modification period. The modification period startsat SFN mod modification period =0. During
the first modification period, system information modification indicator is sent to the UE by
paging message and in the next modification period, the network transmits the updated system
information.

The modification period is calculated as follows:

modification period (in number of radio frames) =modificationPeriodCoeff * defaultPaging-
Cycle DIV 10ms

where modificationPeriodCoeff is: signaled in BCCH-Configurationin SIB2, value=1, 2,4, 8
and defaultPagingCycleis: 320ms, 640ms, 1280ms, 2560ms (signaled in PCCH-configuration
in SIB2).

Thevaluetagin SIBlistoindicate achangein S| messages. The Sl messageis considered
to be valid for a maximum of 3h from the moment it was acquired.

6.6.2.2 Paging

The main purpose of a paging message is to page UEsin RRC_IDLE mode for a mobile ter-
minated call. Also the paging message can be used to inform UEs, in RRC_IDLE as well as
in RRC_CONNECTED modes, that system information will be changed or that the ETWS
notification is posted in SIB10 or SIB11.

As UE may use DRX in idle mode to reduce power consumption, UE should be able to
cal culate when to wake up and to check the correct subframe. For this, the UE storesthe default
paging cycle and the number for the paging group when it receives the necessary information
from the SIB2 and appliesit to the calculation as described in section 7 in TS36.304.

UE can be paged by either STMSI (temporary UE ID allocated by MME) or IMSI. In
Release 8, IMEI paging is not considered.

For the CSfallback, if UE had registered to a CS core network and received atemporary ID
fromthe CS core network, CS paging can be delivered to UE with acorresponding core network
indicator (i.e. CSor PS). In this case, the UE should deduce the correct CS UE identity based
on the PS UE identity included in the paging message and include the CS UE identity in the
paging response once it is moved to another RAT. The details for the CS fallback procedure
can be found in section 6.6.2.8.
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6.6.2.3 UE Cell Selection and Reselection and Control of Cell Selection and Reselection

Based on idle mode measurements and cell selection parameters provided in SIBs, the UE
selects the suitable cell and camps on it. In the LTE system, the priority parameter has been
newly introduced. eNodeB can provide a priority per LTE frequency and per RAT in SIBs or
RRC connection Release message. In case the UE is camping on a cell on the highest priority
frequency, the UE doesn’t need to measure cells in other frequencies or RAT as long as the
signaling strength of the serving cell is above a certain level. On the other hand, if the UE is
camped on a cell in the low priority layer, it should measure other cells under higher priority
frequencies or RAT regularly.

This priority concept is also adapted to Release 8 UTRAN and GERAN (or GSM) system
for inter-RAT cell reselection.

The LTE idle mode mobility is explained in Chapter 7 in more detail.

6.6.2.4 Establishment, Maintenance and Release of an RRC Connection Between the
UE and E-UTRAN

The RRC Connection Setup procedure, as shown in Figure 6.15, is triggered by a request from
the UE NAS layer for various reasons such as a mobile originated call, NAS signaling transfer
or a paging response. Consequently the RRC connection is established between UE and eNodeB
and SRBI1 is set up. If the network is overloaded, eNodeB can set access class barring parameters
in SIB2 appropriately and/or reject the RRC Connection Request with a wait timer.

If the UE has a valid S-TMSI, the UE includes it in the RRC connection request message.
Otherwise the UE includes a 40 bit random value. Due to the limited size of the message,
only five establishment causes are defined in the RRC Connection Request message, i.e.
emergency, high priority access, mobility terminated access, mobile originated signaling and

: op

==

RRC_IDLE

CCCH: RRC Connection Request

CCCH: RRC Connection Setup

DCCH: RRC Connection Setup Complete

I RRC_CONNECTED |

Figure 6.15 RRC Connection Setup procedure

IPR2022-00457
Apple EX1010 Page 294



152 LTE for UMTS - OFDMA and SC-FDMA Based Radio Access

mobile originated data. An NA S service request messageis conveyed in the RRC Connection
Setup Complete message.

SIB1 broadcasts at most 6 PLMN identities (which can also facilitate network sharing)
and the UE selects one and reportsit in the RRC Connection Setup Complete message. When
the UE is registered to an MME, the UE also includes the identity of the registered MME in
the RRC Connection Setup Complete message. Then eNodeB finds/selects the correct MME
(which stores the UE idle mode context) in case that S1-flex is deployed and starts S1 con-
nection setup.

After a successful RRC Connection setup procedure, the UE moves to the RRC_
CONNECTED state.

6.6.2.5 Security FunctionsIncluding Key Management

The security keysfor the Access Stratum (AS), covering user dataand RRC control signaling,
are different from those used on the Evolved Packet Core (EPC) side. From the eNodeB per-
spective the following keys are necessary (ignoring the keys used for NAS signaling):

o K isderived by UE and MME from the ‘master key’ (K ) and then provided by MME
to eNodeB. K, is used to derive the necessary keys for AS traffic and also for the deriva-
tion of K ,* during handover.

o K. isderived by UE and source eNodeB from either K, or from avalid Next Hop (NH)

in case Next Hop is available. At handover, UE and target eNodeB will derive anew K,

for AStraffic from K .*.

K Jpenc 1S Used for the user plane traffic ciphering with the key and is derived from K o

K arain 1S derived from K ; to be used for RRC message integrity handling.

K cenc 1S derived from K . to be used for RRC message ciphering.

Next Hop (NH) is an intermediiate key that is used for deriving K * for the provision of

security for intrarLTE handover purposes. There is arelated counter, Next Hop Chaining

Counter (NCC), which determines whether the next K, ,* needsto be based on the current

K OF if afresh NH is needed. If no fresh NH is available, the K .* is derived by UE and

the source eNodeB from thetarget PCI and K, (horizontal key derivation) or if afresh NH

is available, then derivation is based on the target PCl and a new NH is provided (vertical
key derivation).

The EPC and UE will share the same master key after the security procedureis compl eted.
This master key (K, o) isnot provided outside the EPC but keys derived from it and nec-
essary for the traffic between eNodeB and UE are delivered to the eNodeB. The eNodeB
retains a given key as long as the UE is connected to it but will delete the keys when the
UE is moving to idle mode (or to another eNodeB). The integrity and ciphering algorithm
can be changed only upon handover. The AS keys are changed upon every handover and
connection re-establishment. In the LTE system, a handover can be performed only after
security is activated.

RRC integrity and ciphering are always activated together and never de-activated, but it is
possible to use aNULL ciphering agorithm. In addition to the keys, security algorithms also
use a sequence number as inputs, which consists of a PDCP Sequence Number and a Hyper
Frame Number (HFN).
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: g

DCCH: RRC Connection Reconfiguration

DCCH: RRC Connection Reconfiguration Complete

Figure 6.16 RRC Connection Reconfiguration procedure

6.6.2.6 Establishment, Maintenance and Release of Point-to-point Radio Bearers

A RRC connection reconfiguration procedure, as shown in Figure 6.16, is used to maintain
and modify radio bearers and to release data radio bearers, i.e. SRBs cannot be released by the
RRC connection reconfiguration procedure.

The parameters defined in the radio resource configuration information element group in
the RRC Connection Reconfiguration message mainly deal with the configuration of the radio
bearer. When the RRC Connection Reconfiguration message is used to set up a new Data Radio
Bearer (DRB), a corresponding NAS message is also included within this message.

6.6.2.7 UE Measurement Reporting and Control of the Reporting

A measurement configuration parameter in the RRC Connection reconfiguration message is
used to configure measurements in UEs (for measurements inside LTE or for measurements
from other Radio Access Technologies [RAT's] and a measurement report message is used for
reporting.

The measurement configuration consists of the following parameters.

1 Measurement objects: The objects on which the UE shall perform the measurements.

E-UTRAN configures only a single measurement object for a given frequency.

(a) For intra-frequency (i.e. measurements at the same downlink carrier frequency as
the serving cell) and inter-frequency measurement (i.e. measurements at frequencies
which differ from the downlink carrier frequency of the serving cell), a measurement
object is a single E-UTRA carrier frequency. For this carrier frequency, E-UTRAN
can configure a list of cell specific offsets and a list of blacklisted cells.

(b) Forinter-RAT UTRA measurements, a measurement object is a set of cells on a single
UTRA carrier frequency.

(c¢) For inter-RAT GERAN measurements, a measurement object is a set of GERAN
carrier frequencies.

(d) For inter-RAT c¢dma2000® measurements, a measurement object is a set of cells on
a single cdma2000? carrier frequency.
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2 Reporting configuration: The reporting configuration contains the reporting criteria and
reporting format. Thereporting criteriaarefor the UE to trigger ameasurement report and
can be either event triggered or periodic. Periodic reporting is especially used for measur-
ing an automatic neighbor cell search. Reporting format includes the quantities which
should be included in the measurement report (e.g. the number of cells to report).

() Reporting criteria: For an event triggered report, the criteriafor E-UTRA measurements
areAl, A2, A3, A4 and A5. For inter-RAT measurement, B1 and B2 are used.

(b) Event Al: Serving becomes better than absolute threshold.

(c) Event A2: Serving becomes worse than absol ute threshold.

(d) Event A3: Neighbor becomes amount of offset better than serving.

(e) Event A4: Neighbor becomes better than absolute threshol d.

(f) Event A5: Serving becomes worse than absol ute threshold 1 and Neighbor becomes
better than another absolute threshold 2.

(g) Event B1: Neighbor becomes better than absolute threshold.

(h) Event B2: Serving becomes worse than absolute threshold 1 and Neighbor becomes
better than another absolute threshold 2.

3 Measurement identities: Measurement identity binds one measurement object with one
reporting configuration. The measurement identity is used as a reference number in the
measurement report.

4 Quantity configurations: One quantity configuration can be configured per RAT (i.e.
E-UTRA, UTRAN, GERAN and cdma2000® each) and contains the filter coefficient for
the corresponding measurement type.

5  Measurement gaps: Periods that the UE may use to perform measurement. M easurement
gaps are used for inter-frequency and inter-RAT measurements.

6.6.2.8 Handover

Usually eNodeB triggers handover based on the measurement result received from the UE.
A handover can be performed inside E-UTRAN or to E-UTRAN from other RAT or from
E-UTRAN to another RAT and is classified as intra-frequency intra-LTE handover, inter-
frequency intra-LTE handover, inter-RAT towardsLTE, inter-RAT towards UTRAN handover,
inter-RAT towards GERAN handover, and inter-RAT towards cdma2000® system handover.

Intra-LTE handover

For intra-LTE handover, the source and target are both in the LTE system, and the RRC con-
nection reconfiguration message with the mobility control information (including the param-
eters necessary for handover) is used as a handover command. When an X2 interface exists
between the source eNodeB and the target eNodeB, the source eNodeB sends X2: Handover
Request message to target eNodeB to prepare the target cell. Target eNodeB builds RRC con-
nection reconfiguration message and transfersto source eNodeB in the X2: Handover Request
Acknowledge message, as shown in Figure 6.17.

I nter-radio access technology handover to other radio access technology

Based on UE measurement reporting, the source eNodeB can decidethetarget RAT andin Release
8thetarget RAT canbe UTRAN, GERAN or cdma2000° system. To perform theinter-RAT han-
dover to another RAT, the actual handover command messageishuilt by thetarget RAT and issent
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Figure 6.17 Inter-eNodeB Handover procedure

to the source eNodeB transparently. The source eNodeB includes this actual handover command
in the Mobility From E-UTRA Command message as a bit string and sends it to the UE.

As the LTE system supports packet service only, if a multi-mode UE wants to start a CS
service, CS fallback can be performed. A handover procedure is mainly used for CS fallback
to the UTRAN system. Either a handover procedure or a cell change order procedure is used
for CS fallback to the GERAN system. A RRC Connection release procedure is used for CS
fallback to cdma2000® system. To align the behavior of cell change order with inter-RAT han-
dover, the cell change order procedure uses the Mobility From EUTRA Command message.
Also in case, no VoIP service is supported in the target RAT and if the network nodes support,
SR-VCC (Single Radio Voice Call Continuity) handover can be performed.

Inter-radio access technology handover from other radio access technology

The handover is triggered based on the criteria defined in the source RAT system. When the
target eNodeB receives a S1: Handover Request message from MME, it allocates the neces-
sary resources, builds the RRC Connection Reconfiguration message (= Handover Command)
and sends it in the S1: Handover Request Acknowledge message to MME. Thus this RRC
Connection Reconfiguration message will be transferred to the UE via source RAT.

CS fallback

As initial LTE deployment may not support voice services as such, 3GPP agreed to provide a
means to fallback a CS voice service to the GERAN or UTRAN system. For CS fallback, PS
handover, Cell change order and RRC connection release can be used and eNodeB decides the
actual method. In Release 8, 3GPP decided that for CS fallback to UTRAN system, only PS
handover, and for CS fallback to GERAN system, PS handover and cell change order with the
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network assistance (NACC) (i.e. providing some system information about the target cell to
speed up the cell selection procedure) should be considered. The two methods are illustrated

in Figure 6.18 and Figure 6.19.

For an incoming CS call, the UE is registered to the CS core network in addition to MME. In
case the UE receives CS paging or wants to initiate a mobile originated CS call, the UE indicates

§i P

eNB MME

BSS

NAS: Ex}-Service Request (CS FB Indicator)

S1: Initial Context Setup Request (CS FB Indicator)
] -

' Measurement '

DCCH: Mobility From
EUTRA Command
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I Access to the target RAT
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NAS Service Re ,ugst MO voice call,
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Figure 6.18 CS fallback with Cell Change Order
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Figure 6.19 CS fallback with PS Handover
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that theNAS: Ext-Service Request messageisfor the CSfallback to MME. Then MME indicates
that S1: Initial Context Setup Request messageisfor the CS Fallback (CSFB). Depending onthe
target system and the capability of thetarget cell, eNodeB performs PS handover or cell change
order procedure and the UE starts the CS call setup once it movesin to the target cell.

6.6.2.9 Context Transfer Between eNodeBs

During HO preparation, the source eNodeB should transfer the context of the UE to the target
eNodeB so that the target eNodeB can take into account the configuration in the source cell
and the handover command can contain only differences from the source configuration. This
containsAS configuration, RRM configuration and AS Context. AS configuration containsthe
UE A S configuration configured viathe RRC message exchange such as measurement configu-
ration, radio resource configuration, security configuration, system information of source cell
and UE ID. RRM configuration contains UE specific RRM information. AS Context contains
UE Radio Access Capability and information for re-establishment.

6.6.2.10 NAS Direct M essage Transfer Between Network and UE

NAS messages are transferred mainly via dedicated RRC messages, i.e. DL Information
Transfer and UL Information transfer. During a bearer setup, however, necessary NAS mes-
sages should be transferred viathe RRC Connection Compl ete message and RRC Connection
Reconfiguration message.

6.6.2.11 UE capability transfer

UE transfers NAS UE capability (e.g. security UE capability) directly to MME via a NAS
message and thisisforwarded to eNodeB during theinitial UE context setup. As UE capability
may contain UTRAN and GERAN capability in addition to LTE capability, the information
can be rather large. To reduce the overhead in the air interface during RRC_IDLE mode to
RRC_CONNECTED modetransition, MME storesthe UE AS capability aswell and provides
ittoeNodeB during initial UE context setup. In case UE AS capability has been changed during
RRC_IDLE or MME doesn’t havethevalid UE AS capability, however, MME does ot provide
UE AS capability during the initial UE context setup and eNodeB acquires UE AS capability
directly from UE as shown in Figure 6.20.

6.6.2.12 Generic Error Handling

In UTRAN RRC, various error handling cases in the DCCH message had been specified
thoroughly. For LTE, however, there was no desire to add complexity by specifying the
handling of network error cases, such as ASN.1 errors. Thus only error handling for very
important procedures are specified and the rest is unspecified. For example, when a RRC
Connection Reconfiguration message has an ASN.1 error or integrity protection hasfailed,
UE starts the RRC Connection Re-establishment procedure as shown in Figure 6.21. But
for other error cases where the failure response message is not defined, the UE may just
ignore the message. Also RRC Connection Re-establishment procedure is used to recover
from radio link failure.
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7 (D)

DCCH: UE Capability Enquiry

DCCH: UE Capability Information

Figure 6.20 UE Capability Transfer procedure

CCCH: RRC Connection Re-establishment Request

CCCH: RRC Connection Re-establishment

DCCH: RRC Connection Re-establishment Complete

Figure 6.21 RRC Connection Re-establishment procedure

6.6.2.13 Support of Self-configuration and Self-optimization

To reduce the CAPEX and OPEX, there is natural interest in self-configuration and self-
optimization solutions for the LTE system. For some key issues there are solutions agreed in
Release 8 specifications to support the O&M system functionality in system setup and in fine
tuning. X2 and S1 automatic setup has been specified in the X2 and S1 application protocol as
addressed in Chapter 3, and the measurements to support the automatic neighbor cell relation
are defined in the RRC specification as covered in Chapter 7.

6.7 X2 Interface Protocols
As introduced in Chapter 3, the LTE has the X2 interface between the eNodeBs. The X2 is a

logical interface and even though normally drawn as a direct connection between eNodeBs, it is
usually routed via the same transport connection as the S1 interface to the site. The X2 interface
control and user plane protocol stacks are shown in Figure 6.22, as presented in Chapter 3. X2
is an open interface, similar to the Tur interface in WCDMA. Normally the X2 interface is only
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X2 Control Plane X2 User Plane

Figure 6.22 X2 interface User and Control Plane protocol stacks

used for control plane information but in connection with the handover, it can be temporarily
used for user data forwarding. The key difference between the user plane and control plane
X2 interface protocol stacks is the use of Stream Control Transmission Protocol (SCTP) for
control plane transmission between eNodeBs. Use of SCTP enables reliable delivery of control
plane information between eNodeBs, while for data forwarding, the User Datagram Protocol
(UDP) was considered sufficient. The X2 Application Protocol (X2AP) covers the radio related
signaling while the GPRS Tunneling Protocol, User Plane (GTP-U) is the protocol also used
in the S1 interface for user data handling, as covered in Chapter 3.
The X2AP [12] functionalities are:

e Mobility management for Intra LTE mobility, as covered in more detail in Chapter 7. The
handover message between eNodeBs is transmitted on the X2 interface.

e Load management to enable inter-cell interference coordination by providing information
of the resource status, overload and traffic situation between different eNodeBs.

e Setting up and resetting of the X2 interface.

e Error handling for covering specific or general error cases.

6.7.1 Handover on X2 Interface

The X2 interface has a key role in the intra-LTE handover operation. The source eNodeB will
use the X2 interface to send the Handover Request message to the target eNodeB. If the X2
interface does not exist between the two eNodeBs in question, then procedures need to be initi-
ated to set one up before handover can be achieved, as explained in Chapter 6. The Handover
Request message initiates the target eNodeB to reserve resources and it will send the Handover
Request Acknowledgement message assuming resources are found, as shown in Figure 6.23.

There are different information elements provided (some optional) on the handover Request
message, such as:

o Requested SAE bearers to be handed over.

e Handover restrictions list, which may restrict following handovers for the UE.

o Last visited cells the UE has been connected to if the UE historical information collection
functionality is enabled. This has been considered to be useful in avoiding the ping-pong
effects between different cells when the target eNodeB is given information on how the
serving eNodeB has been changing in the past. Thus actions can be taken to limit frequent
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Figure6.23 X2 Handover preparation over X2 interface

changes back and forth. Similar information isincluded in WCDMA Release 8 for consid-
eration of similar cases with flat architecture.

Upon sending the handover Request message, the eNodeB will start the timer and if no
response is received the handover preparation is cancelled (and an indication that the timer
has expired is given to the target eNodeB). Thereis aso a Handover Cancel message to cancel
ongoing handover.

The Handover Request Acknowledge message contains more than just the information
that the target eNodeB is able to accommodate (at least part) the requested SAE bearersto be
handed over. The other information included is:

e GTP tunnel information for each SAE bearer to enable delivery of uplink and downlink
PDUs,

e possible SAE bearers not admitted;

e atransparent container having handover information (actual RRC Connection Reconfiguration
message) which the source eNodeB will then send to the UE as explained in section 6.6.2.8
and indicated as the handover commands in Chapter 7.

The SN Status Transfer procedure is intended to provide information on the status of each
SAE bearer that will be transferred to the eNodeB. The PDCP-SN and HFN are provided for
both the uplink and downlink direction for those SAE bearers where status presentation is
applied. Thiswill take place at the moment the source eNodeB stops assigning new PDCP SNs
in downlink and stops forwarding data over the S1 interface to EPC.

The UE Context Release signalsto the source eNodeB that ‘ the control point’ for the UE has
now moved to target eNodeB and basically that the source can now release all resources.

6.7.2 Load Management

There arethree different measurements specified in Rel ease 8 to support standardized operation
for the load control and interference management over the X. The indications are:

e On the transmitter side there is the indication of the transmitted power level in the form of
the Relative Narrowband Tx Power (RNTP) I.E.
e Onthereceiver side there are the received interference level and interference sensitivity.
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All these are measured/estimated per Physical Resource Block (PRB) of 180kHz. The
received interference level measurement (or rather indication) on the X2 interface is illustrated
in Figure 6.24.

In the downlink direction the intention of the indication of the transmission power per PRB
is to facilitate interference coordination between different eNodeBs. The eNodeB receiving
the UL High Interference Indication information element should avoid scheduling the cell
edge users on those PRBs where interference level is high in the neighboring eNodeB. The
measurement of the TX power per PRB is illustrated in Figure 6.25.

Interference
Level of PRBs

((ig)a m—htel'face((i;))

eNodeB

Threshold levels
for Interference -
Measured -oT
Interference

eNodeB

One PRB = 180 kHz

Uplink RX bandwidth

Figure 6.24 Interference level reporting over X2 interface
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eNodeB eNodeB

Threshold level
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Figure 6.25 Transmission power vs threshold reporting over X2 interface
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6.8 Early UE Handling in LTE

In LTE, the 3GPP has requested feedback from the operators about the planned features for
the first phase(s) of LTE deployment and then the first phase test cases will be based on the
prioritization received. For features which have a lower priority in the testing area, UE capability
signaling will be in place [11,13] to indicate to the network whether the feature is fully imple-
mented and tested or not. This should avoid the problems faced with Release 99 deployment
when many features mandatory for the UE were not supported in the networks (and thus not
available for testing either) when the first networks were commercially opened. The latest plan
for test case prioritization can be found in [14], with the expectation that work in 3GPP TSG
RAN WGS5 will be completed during 2009 for high priority cases (with some cases potentially
still to be dropped from the list because of the high number of high priority test cases). The
LTE test cases for signaling can be found from the recently created test specifications [15],
and the completion of these test signaling test cases will naturally take longer than the actual
radio protocol work in other groups as a stable signaling specification is needed before test
cases can be finalized.

6.9 Summary

The LTE radio protocols follow a basic structure similar to WCDMA, but there are obvious
differences due to the differences in radio technology. From the functional split the distribution
is also partly different with the most notable difference being the handling of ciphering in the
PDCP layer. The lack of an Iub-like interface reduces the need for radio protocol signaling on
the internal interfaces as the eNodeB deals directly with RRC signaling between the UE and
the network. The X2 interface is thus rather simple from the radio protocol perspective, with
the key functionalities being to take care of the mobility related signaling for intra-LTE mobil-
ity as well as handling information exchange at the network level for cell level interference
management. As with the WCDMA specifications, ASN.1 is used as the LTE radio protocol
language to ensure straightforward extendibility with releases beyond LTE Release 8. For the
UE capability signaling the input from the operator community has shaped what the first phased
commercial UE will look like in terms of radio capability, and respectively bitmap is signaled
in connection with the connection setup.
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Mobility

Chris Callender, Harri Holma, Jarkko Koskela and Jussi Reunanen

7.1 Introduction

Mobility offersclear benefitsto the end users: low delay servicessuch asvoiceor real timevideo
connections can be maintained while moving even in high speed trains. Mobility is beneficial
also for nomadic services, such as laptop connectivity, since it allows areliable connection to
be maintained in the areas between two cells where the best serving cell is changing. Thisalso
impliesasimple setup of the broadband connection without any |ocation related configurations.
Mobility typically has its price in the network complexity: the network algorithms and the
network management get complex. Thetarget of the LTE radio network isto provide seamless
mobility while simultaneously keeping network management simple.

The mobility procedures can be divided into idle mode and connected modefor the attached
UE (seeFigure7.1). Idle mode mobility isbased on UE autonomous cell resel ections according
to the parameters provided by the network, thus this is quite similar to the one in WCDMA/
HSPA today. The connected mode mobility in LTE, on the other hand, isquitedifferentin LTE
than in WCDMA/HSPA radio networks. The UE transition between idle and RRC connected
mode is controlled by the network according to the UE activity and mobility. The algorithms
for RRC connection management are described in Chapter 8.

RRC idle ‘ RRC connected
¢ Cell reselections done *  Network controlled
autonomously by UE handovers
¢ Basedon UE * Basedon UE
measurements measurements
e Controlled by broadcasted
parameters
*  Different priorities can be
assigned to frequency
layers

Figure7.1 Idle mode and RRC connected mode mobility

LTE for UMTS: OFDMA and SC-FDMA Based Radio Access Edited by Harri Holmaand Antti Toskala
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This chapter explains the mobility principles and procedures in the idle and active state.
Idle state mobility management is described in section 7.2. The intra-frequency handover is
presented in section 7.3. The inter-RAT handovers are covered in section 7.4. The differences in
mobility between UTRAN and E-UTRAN are summarized in section 7.8. The voice handover
from E-UTRAN Voice over IP to 2G/3G circuit switched voice is discussed in Chapter 10. The
performance requirements related to mobility are described in Chapter 11.

The general description of LTE mobility is presented in [1], idle mode mobility is specified
in [2], the performance requirements for radio resource management are defined in [3] and the
relevant Radio Resource Control specifications in [4]. The rest of this chapter uses the term
E-UTRAN for LTE and UTRAN for WCDMA.

7.2 Mobility Management in Idle State
7.2.1 Overview of Idle Mode Mobility

The UE chooses a suitable cell of the selected Public Land Mobile Network (PLMN) based
on radio measurements. This procedure is known as cell selection. The UE starts receiving the
broadcast channels of that cell and finds out if the cell is suitable for camping, which requires
that the cell is not barred and that radio quality is good enough. After cell selection, the UE
must register itself to the network thus promoting the selected PLMN to the registered PLMN.
If the UE is able to find a cell that is deemed a better candidate for reselection according to
reselection criteria (section 7.2.2), it reselects onto that cell and camps on it and again checks
if the cell is suitable for camping. If the cell where the UE camps does not belong to at least
one tracking area to which the UE is registered, location registration needs to be performed.
An overview is shown in Figure 7.2.

A priority value can be assigned to PLMNs. The UE searches for higher priority PLMNs
at regular time intervals and searches for a suitable cell if another PLMN has been selected.
For example, the operator may have configured preferred roaming operators to the Universal
Subscriber Identity Module (USIM) card. When the UE is roaming and not camped to the
preferred operators, it tries periodically to find the preferred operator.

If the UE is unable to find a suitable cell to camp on or if the location registration fails, it
attempts to camp on a cell irrespective of the PLMN identity, and enters a ‘limited service’
state which only allows emergency calls to be made.

The USIM must be inserted in the UE to perform the registration. UTRAN UE can use
either the older SIM cards or the new USIM cards, while E-UTRAN uses only USIM. USIM

can provide stronger protection against identity theft compared to SIM.

Location
registration
PLMN selection o Location
registration
PLMN selected | | PLMN available Registration area change

Cell selection and reselection

Radio measurements

Figure 7.2 Idle mode overview
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7.2.2 Cell Sdlection and Reselection Process

When UE is powered-on for thefirst time, it will start theInitial Cell Selection procedure. The
UE scansall radio frequency (RF) channelsin the E-UTRA bands according to its capabilities
to find a suitable cell. On each carrier frequency, the UE needs only to search for the strongest
cell. Once a suitable cell is found this cell is selected. Initial cell selection is used to ensure
that the UE getsinto service (or back to the service ared) as fast as possible.

The UE may also have stored information about the available carrier frequencies and cells
in the neighborhood. This information may be based on the system information or any other
information the UE has acquired in the past — 3GPP specifications do not exactly define what
kind of information the UE isrequired or allowed to use for Stored Information cell selection.
If the UE does not find asuitable cell based on the stored information, the Initial Cell Selection
procedure is started to ensure that a suitable cell isfound.

For acell to be suitable it hasto fulfill S-criterion:

Sy >0 (7.0)

where
Siee ™ Quievamens™ (Qriemin~ Qrieveiminofised) (7.2
Q. evamens | Sthemeasured cell received level (RSRP), Q. i, iSthe minimum required received

level [dBm] and Q. minoiis |S USED When searching for a higher priority PLMN.

Whenever UE has camped to a cell, it will continue to find a better cell as a candidate for
reselection according to the resel ection criteria. Intra-frequency cell resel ection isbased on the
cell ranking criterion. To do this the UE needs to measure neighbor cells, which are indicated
in the neighbor cell list in the serving cell. The network may also ban the UE from consider-
ing some cells for reselection, also known as blacklisting of cells. To limit the need to carry
out reselection measurements it has been defined that if S, is high enough, the UE does
not need to make any intra-frequency, inter-frequency or inter-system measurements. The
intra-frequency measurements must be started when S, - <S, .o a The inter-frequency
measurements must be started when S | <S -

In case the UE movesfast it is possible for the network to adjust the cell reselection parameters.
The high (or medium) mobility state is based on the number of cell resdlections, N, withina pre-
defined time, T, .. High mobility istypically characterized by different parameter values for the
hysteresis and for the resel ection timer. To avoid adjusting reselection parametersin casethe UE is
ping-ponging between two cells, these cell reselectionsare not counted in the mobility state calcula
tions. Asthe‘ speed’ estimation isbased on the count of reselectionsit does not give an exact speed,
just arough estimate of UE movement, but neverthel ess providesameansfor the network to control
UE reselection behavior dependent on the UE movement. The speed dependent scaling method is
also applied inthe RRC_CONNECTED state for connected mode mobility parameters.

7.2.2.1 Intra-frequency and Equal Priority Reselections

Cdll ranking is used to find the best cell for UE camping for intra-frequency reselection or on
reselection to equal priority EFUTRAN frequency. The ranking is based on the criterion R_ for
the serving cell and R for neighboring cells:
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RS= Qmeas,s+ Q
R= Qo o Qo -3

where Q___isthe RSRP measurement quantity, Q, . isthe power domain hysteresis to avoid
ping-pong and Q_,, is an offset value to control oiﬁferent frequency specific characteristics
(e.g. propagation properties of different carrier frequencies) or cell specific characteristics. In
the time domain, T ..., iS used to limit overly frequent reselections. The reselection occurs
to the best ranked neighbor cell if it is better ranked than the serving cell for a longer time
than T _cion- The Qh provides hysteresis by requiring any neighbor cell to be better than

the serving cell by an RRC configurable amount before reselection can occur. The Q.. and
Q,isarrequency MEKE it possible to bias the reselection toward particular cells and/or frequencies.

The cell reselection parameters areillustrated in Figure 7.3.

7.2.2.2 Inter-frequency/RAT reselections

In the UTRAN, inter-frequency and inter-RAT resel ections were based on the same ranking as
intra-frequency reselections. It was seen that thisis very difficult for the network to control as
the measurement quantities of different RATs are different and the network needsto be able to
control reselection between multiple 3GPP RATS (or even non-3GPP technologies). And as it
was seen that operators would like to control how UE prioritizes camping on different RATs
or frequencies of E-UTRAN, a new method for reselection handling between different RATS/
frequencies (called layers from now on) was chosen. The method is known as absolute priority
based reselection. Each layer is given a priority and based on this information the UE tries to
camp on the highest priority frequency/RAT if it can provide decent service. In order for the UE
todecideif decent service can be provided the network allocates each frequency/RAT athreshold
(Thresh, \...) which hasto be fulfilled before reselection to such alayer is performed. A similar
T ossection @S INiNtra-frequency reselectionsis utilized, i.e. the new layer needsto fulfill the thresh-
old for consecutive time of T__, . before reselection is performed. This is used to eliminate
reselectionsif just temporary fading for the eval uated frequency occurs. To make reselection to
alower priority layer the UE will not reselect to that if the higher priority layer istill abovethe
threshold or if the lower priority frequency is not above another threshold (Thresh

x,ImN)'

The main parameters for controlling idle mode mobility are shown in Table 7.1.
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Figure7.3 Idlemodeintra-frequency cell reselection algorithm

IPR2022-00457
Apple EX1010 Page 310



Mobility 169

Table 7.1 Main parameters for idle mode mobility

Parameters Description

Qe Specifies the hysteresis value for ranking criteria. The hysteresis is required to avoid ping-
ponging between two cells.

Gives the cell reselection timer value. The cell reselection timer together with the
hysteresis is applied to control the unnecessary cell reselections.

reselection

O, reomin Specifies the minimum required received level in the cell in dBm. Used in the S-criterion,
i.e. in the cell selection process.

Specifies the threshold (in dB) for intra-frequency, inter-frequency and inter-RAN
measurements. UE is not required to make measurements if § _  is above the
threshold.

intrasearch’

nonintrasearch

N Trome  Specifies when to enter the medium or high mobility state: if the number of cell reselections

within time T, is higher than N, the UE enters the medium or higher mobility state.

Thresh,_ . ah This specifies the threshold used by the UE when reselecting towards the higher priority
frequency X than currently serving frequency.

Thresh, This specifies the threshold used in reselection towards frequency X from a higher priority

x, low

frequency.

7.2.3 Tracking Area Optimization

The UE location in RRC idle is known by the Mobility Management Entity (MME) with
the accuracy of the tracking area. The size of the tracking area can be optimized in network
planning. A larger tracking area is beneficial to avoid tracking area update signaling. On the
other hand, a smaller tracking area is beneficial to reduce the paging signaling load for the
incoming packet calls. The corresponding concept in UTRAN is called a Routing area, which
typically covers a few hundred base stations. The concept of the tracking area is illustrated
in Figure 7.4.

UE can be assigned multiple tracking areas to avoid unnecessary tracking area updates at
the tracking area borders, e.g. when the UE is ping-ponging between cells of two different
tracking areas. UE can also be assigned both a LTE tracking area and a UTRAN routing area
to avoid signaling when changing between the two systems.

z
Tracking area update\ ﬁ I

Figure 7.4 Tracking area