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INTRODUCTION 

1. My name is Sylvia D. Hall-Ellis.  I have been retained as an expert by 

Greenberg Traurig, LLP.    

2. I have written this declaration at the request of Greenberg Traurig to 

provide my expert opinion regarding the authenticity and public availability of four 

printed publications.  My declaration sets forth my opinions in detail and provides 

the basis for my opinions regarding the public availability of these publications.   

3. I reserve the right to supplement or amend my opinions, and bases for 

them, in response any additional evidence, testimony, discovery, argument, and/or 

other additional information that may be provided to me after the date of this 

declaration.  

4. I am being compensated for my time spent working on this matter at 

my normal consulting rate plus reimbursement for any additional reasonable 

expenses.  My compensation is not in any way tied to the content of this 

declaration, the substance of my opinions, or the outcome of this litigation.  I have 

no other interests in this proceeding or with any of the parties. 

5. All of the materials that I considered are discussed explicitly in this 

declaration.    
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I. QUALIFICATIONS 

6. I am currently an Adjunct Professor in the School of Information at 

San José State University.  I obtained a Master of Library Science from the 

University of North Texas in 1972 and a Ph.D. in Library and Information Science 

from the University of Pittsburgh in 1985.  Over the last fifty years, I have held 

various positions in the field of library and information resources.  I was first 

employed as a librarian in 1966 and have been involved in the field of library 

sciences since, holding numerous positions. 

7. I am a member of the American Library Association (ALA) and its 

Association for Library Collections & Technical Services (ALCTS) Division, and I 

served on the Committee on Cataloging: Resource and Description (which wrote 

the new cataloging rules) and as the chair of the Committee for Education and 

Training of Catalogers and the Competencies and Education for a Career in 

Cataloging Interest Group.  I also served as the Chair of the ALCTS Division’s 

Task Force on Competencies and Education for a Career in Cataloging.  

Additionally, I have served as the Chair for the ALA Office of Diversity’s 

Committee on Diversity, as a member of the national Board of Directors for 

REFORMA, as a member of the Editorial Board for the ALCTS premier 

cataloging journal, Library Resources and Technical Services, as a Co-Chair for 

the Library Research Round Table (LRRT) of ALA, and a member of the LRRT 
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Nominating Committee.  Currently I serve as a member of the CORE Margaret 

Mann Citation Committee. 

8. I have also given over one hundred presentations in the field, 

including several related to library cataloging systems and Machine-Readable 

Cataloging (“MARC”) standards.  My current research interests include library 

cataloging systems, metadata, and organization of electronic resources.   

9. My full curriculum vitae is attached hereto as Attachment 6 to this 

declaration. 

II. PRELIMINARIES 

A. Scope of Declaration and Legal Standards 

10. I am not an attorney and will not offer opinions on the law.  I am, 

however, rendering my expert opinion on the authenticity of the documents 

referenced herein and when and how the documents were 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 

documents before the dates identified herein.    

11. I am informed by counsel that a printed publication qualifies as 

publicly accessible as of the date 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.   
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12. 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 exercising reasonable 

diligence (i.e., I understand that cataloging and indexing by a library in a manner 

that permits a person of ordinary skill in the relevant subject matter to locate the 

publication 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 category.  I understand that the cataloging and indexing 

by a single library of a single instance of a particular printed publication is 

sufficient, even if the single library is in a foreign country.  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. 
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13. I understand that 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. Persons of Ordinary Skill in the Art  

14. I am told by counsel that the subject matter of this proceeding relates 

generally to wireless communications networks, and specifically OFDM wireless 

communications networks and techniques. 

15. I have been informed by counsel that a “person of ordinary skill in the 

art at the time of the invention” (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. 

16. I am told by counsel that persons of ordinary skill in this subject 

matter or art as of May 2002 would have had: a Master’s degree in electrical 

engineering, or a related field, or a Bachelor’s degree in electrical engineering, or a 

related field, and three years of experience working with wireless communication 

systems, signal processing, and related technologies.  

17.  It is my opinion that such a person would have been engaged in 

research, learning through study and practice in the field and possibly through 

formal instruction the bibliographic resources relevant to his or her research. Such 
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a person would have had access to a vast array of long-established print resources 

concerning data services handlers or database management systems (and methods 

of using the systems), as well as to a rich set of online resources providing 

indexing information, abstracts, and full text services for development of both data 

services handlers and database management systems. 

18. Based on my experience working in research libraries with 

researchers having the qualifications described above, or even lesser qualifications, 

it is my opinion that such researchers would have been able to locate the material 

discussed herein on their own or with the assistance of a research librarian with 

relative ease using the tools and resources described herein. 

III. LIBRARY CATALOGING PRACTICES 

19. In preparing this declaration, I used authoritative databases, such as 

the OCLC bibliographic database, the Library of Congress Online Catalog, and the 

Library of Congress Subject Authorities, to confirm citation details of the various 

publications discussed. Unless I note otherwise below in reference to a specific 

serial publication, it is my expert opinion that this standard protocol was followed 

for the serial publication discussed below. 

20. Based on my experience working in research libraries with 

researchers having the qualifications described above, or even lesser qualifications, 

it is my opinion that such researchers would have been able to locate the material 
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discussed herein on their own or with the assistance of a research librarian with 

relative ease using the tools and resources described herein. 

A. INDEXING 

21. A researcher may discover material relevant to his or her topic in a 

variety of ways.  One common means of discovery is to search for relevant 

information in an index of periodical and other publications.  Having found 

relevant material, the researcher will then normally obtain it online, look for it in 

libraries, or purchase it from the publisher, a bookstore, a document delivery 

service, or other provider.  Sometimes, the date of a document’s public 

accessibility will involve both indexing and library date information. However, 

date information for indexing entries is often unavailable.  This is especially true 

for online indices.  

22. Indexing services use a wide variety of controlled vocabularies to 

provide subject access and other means of discovering the content of documents. 

The formats in which these access terms are presented vary from service to service.  

23. Online indexing services commonly provide bibliographic 

information, abstracts, and full-text copies of the indexed publications, along with 

a list of the documents cited in the indexed publication.  These services also often 

provide lists of publications that cite a given document.  A citation of a document 

is evidence that the document was publicly available and in use by researchers no 
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later than the publication date of the citing document.  

24. Before the widespread development of online databases to index 

articles in journals, magazines, conference papers, and technical declarations, 

libraries purchased printed volumes of indices.  Graduate library school education 

mandated that students learn about the bibliographic control of disciplines, the 

prominent indexing volumes, and searching strategies required to use them 

effectively and efficiently.  Half of the courses that I studied in library school were 

focused on bibliography and resources in academic disciplines.  

25. Librarians consulted information seekers to verify citations, check 

availability in union catalogs, printed books catalogs, the OCLC database, and to 

make formal requests for materials (e.g., books, conference proceedings, journal 

articles).  Requests were transmitted using Telex machines, rudimentary email 

systems, and the United States Postal Service.  During my career, I have performed 

and supervised staff who handled these resource sharing tasks.  

26. A citation of a document by another is evidence that the document 

was publicly available and in use no later than the publication date of the citing 

document. 

27. A researcher may discover material relevant to his or her topic in a 

variety of ways. A citation of a document by another is evidence that the document 

was publicly available and in use no later than the publication date of the citing 
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document. One common means of discovery is to search for relevant information 

in an index of periodicals and other publications. Having found relevant material, 

the researcher will then normally obtain it online, look for it in libraries, or 

purchase it from a publisher, a bookstore, a document delivery service, or other 

provider. Sometimes, the date of a document’s public accessibility will involve 

both indexing and library date information. However, date information for 

indexing entries is often unavailable. This is especially true for online indices. 

28. Indexing services use a wide variety of controlled vocabularies to 

provide subject access and other means of discovering the content of documents. 

The Library of Congress Subject Authorities includes standard forms of terms and 

cross references that are included in bibliographic records. Subject headings are 

terms that an individual seeking a document regardless of format can enter in the 

search bar of the online catalog. Subjects also connect an authenticated term (one 

included in the Library of Congress subject headings list) with related, broader, 

and narrower terms. The formats in which these access terms are presented vary 

from service to service. 

29. Online indexing services commonly provide bibliographic 

information, abstracts, and full-text copies of the indexed publications, along with 

a list of the documents cited in the indexed publication. These services also often 

provide lists of publications that cite a given document. A citation of a document is 
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evidence that the document was publicly available and in use by researchers no 

later than the publication date of the citing document. Prominent indexing services 

include Scopus, the IEEE Xplore database, the ACM Digital Library, Google 

Scholar, and the Internet Archive.  

B. MARC RECORDS AND THE ONLINE LIBRARY CATALOG 

30. 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.1  MARC was first developed in the 1960s 

by the Library of Congress.  A MARC-compatible library is one that has a catalog 

consisting of individual MARC records for each of its items.  Today, MARC is the 

primary communications protocol for the transfer and storage of bibliographic 

metadata in libraries.2 

31. Since at least the early 1970s and continuing to the present day, 

MARC has been the primary communications protocol for the transfer and storage 

 

1  The full text of the standard is available from the Library of Congress at 
http://www.loc.gov/marc/bibliographic/ (last accessed February 17, 2025). 
2  Almost every major library in the world is MARC-compatible.  See, e.g., Library 
of Congress, “MARC Frequently Asked Questions (FAQ),” 
https://www.loc.gov/marc/faq.html (last accessed February 17, 2025). (“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 fifty 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 
2016) standard for Information Interchange Format. 
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of bibliographic metadata in libraries.3 As explained by the Library of Congress: 

You could devise your own method of organizing the 

bibliographic information, but you would be isolating your library, 

limiting its options, and creating much more work for yourself. Using 

the MARC standard prevents duplication of work and allows libraries 

to better share bibliographic resources. Choosing to use MARC 

enables libraries to acquire cataloging data that is predictable and 

reliable. If a library were to develop a “home-grown” system that did 

not use MARC records, it would not be taking advantage of an 

industry-wide standard whose primary purpose is to foster 

communication of information. 

Using the MARC standard also enables libraries to make use of 

commercially available library automation systems to manage library 

operations. Many systems are available for libraries of all sizes and 

are designed to work with the MARC format. Systems are maintained 

and improved by the vendor so that libraries can benefit from the 

latest advances in computer technology. The MARC standard also 

allows libraries to replace one system with another with the assurance 

that their data will still be compatible.4 

32. Thus, almost every major library in the world is MARC-compatible. 

 

3 A complete history of the development of MARC can be found in MARC: Its 
History and Implications by Henrietta D. Avram (Washington, DC: Library of 
Congress, 1975) and available online from the Hathi Trust at 
https://babel.hathitrust.org/cgi/pt?id=mdp.39015034388556;view=1up;seq=1 (last 
accessed February 17, 2025).  
4 Library of Congress, “Why Is a MARC Record Necessary?,” 
http://www.loc.gov/marc/umb/um01to06.html#part2 (last accessed February 17, 
2025). 
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See Library of Congress, Frequently Asked Questions (FAQ) (“MARC is the 

acronym for Machine-Readable Cataloging. It defines a data format that emerged 

from a Library of Congress-led initiative that began fifty 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.”). 5  MARC is the ANSI/NISO Z39.2-1994 standard (reaffirmed in 

2016) for Information Interchange Format. The full text of the standard is available 

from the Library of Congress.6  

33. A MARC record comprises several fields, each of which contains 

specific data about the work. Each field is identified by a standardized, unique, 

three-digit code corresponding to the type of data that follow. For example, a 

work’s title is recorded in Field 245; the primary author of the work is transcribed 

in Field 100; an item’s International Standard Book Number (“ISBN”) consisting 

of ten or thirteen digits is transcribed in Field 020; an item’s International Standard 

Serial Number (“ISSN”) is transcribed in Field 022; the Library of Congress 

classification notation is recorded in Field 050; and the publication date is recorded 

in Field 260 under the subfield “c.” If a work is a periodical, then its publication 

 

5 Library of Congress, “MARC Frequently Asked Questions (FAQ),” 
https://www.loc.gov/marc/faq.html (last accessed February 17, 2025). 
6 Library of Congress, “Bibliographic Data,” 
http://www.loc.gov/marc/bibliographic/ (last accessed February 17, 2025). 
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frequency is recorded in Field 310, and the publication dates (e.g., the first and last 

publication) are recorded in Field 362, which is also referred to as the 

enumeration/chronology field.7  

34. The library that created the record is recorded in Field 040 in subfield 

“a” with a unique library code. When viewing the MARC record online via the 

OCLC bibliographic database, (initially known as the Ohio College Library 

Center) hovering over this code with the mouse reveals the full name of the library. 

I have used this method of “mousing over” the library codes in the OCLC database 

to identify the originating library for the MARC records discussed in this 

declaration. Where this “mouse over” option was not available, I consulted the 

Directory of OCLC Libraries to identify the institution that created the MARC 

record.8 

35. 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.9 For example, 6XX fields are termed “Subject 

 

7 Library of Congress, “3XX – Physical Description, Etc. Fields – General 
Information,” http://www.loc.gov/marc/bibliographic/bd3xx.html (last accessed 
February 17, 2025). 
8 OCLC, “Directory of OCLC members,” 
https://www.oclc.org/en/contacts/libraries.html (last accessed February 17, 2025). 
9 Library of Congress, supra note 13. 
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Access Fields.”10 Among these, for example, is the 650 field; this is the “Subject 

Added Entry – Topical Term” field.11 The 650 field is a “[s]ubject added entry in 

which the entry element is a topical term.” These 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. Further, MARC records include call numbers, 

which themselves include a classification number. For example, the 050 field is the 

“Library of Congress Call Number.” 12  A defined portion of the Library of 

Congress Call (LCC) Number is the classification number, and “source of the 

classification number is Library of Congress Classification and the LC 

Classification-Additions and Changes.” Thus, included in the 050 field is a subject 

matter classification. Further, the 082 field is the “Dewey Decimal Call 

Number.”13 A defined portion of the Dewey Decimal Call (DDC) Number is the 

 

10 Library of Congress, “6XX – Subject Access Fields-General Information,” 
http://www.loc.gov/marc/bibliographic/bd6xx.html (last accessed February 17, 
2025). 
11 Library of Congress, “650 – Subject Added Entry-Topical Term (R),” 
http://www.loc.gov/marc/bibliographic/bd650.html (last accessed February 17, 
2025). 
12 Library of Congress, “050 – Library of Congress Call Number (R),” 
http://www.loc.gov/marc/bibliographic/bd050.html (last accessed February 17, 
2025). 
13 Library of Congress, “082 – Dewey Decimal Classification Number (R),” 
http://www.loc.gov/marc/bibliographic/bd082.html (last accessed February 17, 
2025). 
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classification number, and “source of the classification number is the Dewey 

Decimal Classification and Relative Index.” Thus, included in the 082 field is a 

subject matter classification. Each item in a library has a single classification 

number. A library selects a classification scheme (e.g., the Library of Congress 

classification scheme just described or a similar scheme such as the Dewey 

Decimal classification scheme) and uses it consistently. When the Library of 

Congress assigns the LCC classification number, it appears as part of the 050 field. 

When the Library of Congress assigns the DDC classification number, it appears as 

part of the 082 field. If a local library assigns the classification number, it appears 

in a 090 field. In either scenario, the MARC record includes a classification 

number that represents a subject matter classification.  

C. OCLC 

36. The 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, 
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literary and educational knowledge and information.”14  Among other services, 

OCLC and its members are responsible for maintaining the WorldCat database,15 

used by independent and institutional libraries throughout the world. 

37. OCLC also provides its members online access to MARC records 

through its OCLC bibliographic database.  When an OCLC member institution 

acquires a work, it creates a MARC record for this work in its computer catalog 

system in the ordinary course of its business.  MARC records created at the Library 

of Congress are directly uploaded or may be tape-loaded into the OCLC database 

through a subscription to MARC Distribution Services daily or weekly.  Once the 

MARC record is created by a cataloger at an OCLC member institution or is tape-

loaded from a participating institution, the MARC record is then made available to 

any other OCLC members online, and therefore made available to the public.  

Accordingly, once the MARC record is created by a cataloger at an OCLC member 

institution or is tape-loaded from the Library of Congress or another library 

anywhere in the world, any publication corresponding to the MARC record has 

been cataloged and indexed according to its subject matter such that a person 

interested in that subject matter could, with reasonable diligence, locate and access 

 

14  Third Article, Amended Articles of Incorporation of OCLC Online Computer 
Library Center, Inc., available at 
https://www.oclc.org/content/dam/oclc/membership/articles-of-incorporation.pdf 
(last accessed February 17, 2025). 
15 WorldCat, http://www.worldcat.org/ (last accessed February 17, 2025). 
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the publication through any library with access to the OCLC bibliographic 

database or through the Library of Congress. 

38. When an OCLC member institution creates a new MARC record, 

OCLC automatically supplies the date of creation for that record.  The date of 

creation for the MARC record appears in the fixed field (008), characters 00 

through 05.  The MARC record creation date reflects the date on which, or shortly 

after which, the item was first acquired or cataloged.  Initially, field 005 of the 

MARC record is automatically populated with the date the MARC record was 

created in year, month, day format (YYYYMMDD) (some of the newer library 

catalog systems also include hour, minute, second (HHMMSS)).  Thereafter, the 

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).  Field 005 is visible 

when viewing a MARC record via an appropriate computerized interface.  The 

date upon which the most recent update to field 005.  Thus, when an item’s MARC 

record has been printed to hardcopy—as is the case with the exhibits to this 

declaration—the date reflected in field 008 is necessarily on or after the date the 

library first cataloged and indexed the underlying item. 

39. Once one library has cataloged and indexed a publication by creating 

a MARC record for that publication, other libraries that receive the publication do 
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not create additional MARC records—the other libraries instead rely on the 

original MARC record.  They may update or revise the MARC record to ensure 

accuracy, but they do not replace or duplicate it.  This practice does more than save 

libraries from duplicating labor.  It also enhances the accuracy of MARC records.  

Further, it allows librarians around the world to know that a particular MARC 

record is authoritative (in contrast, a hypothetical system wherein duplicative 

records were created would result in confusion as to which record is authoritative).   

40. The date of creation of the MARC record by a cataloger at an OCLC 

member institution reflects when the underlying item is accessible to the public.  

Upwards of two-thirds to three-quarters of book sales to libraries come from a 

jobber or wholesaler for online and print resources.  These resellers make it their 

business to provide books to their customers as fast as possible, often providing 

turnaround times of only a single day after publication.  Libraries purchase a 

significant portion of the balance of their books directly from publishers 

themselves, which provide delivery on a similarly expedited schedule.  In general, 

libraries make these purchases throughout the year as the books are published and 

shelve the books as soon thereafter as possible in order to make the books available 

to their patrons.  Thus, books are generally available at libraries across the country 

within just a few days of publication. 
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D. JOURNALS 

41. Catalogers can create MARC records for all types of print, online, and 

digital resources.  For example, MARC records cover serial publications, including 

both serially-published monographs and journals.  OCLC hosts MARC records for 

more than 320 million serial publications.  Serial publications are those 

publications that have the same collective title but are intended to be continued 

indefinitely with enumeration such as a volume or issue number (e.g., magazines, 

journals, etc.).  In the OCLC bibliographic database, the first issue of the serial 

publication is typically cataloged (i.e., a corresponding MARC record is created), 

but the date is left open-ended with the use of a punctuation mark such as a dash.  

OCLC serial publication MARC records represent the entire run of the serial title.  

With knowledge of the first issue published, future issues can be predicted based 

on the information provided in the MARC record, for example in field 362.  In my 

extensive professional experience, it is highly unusual for a library to stop 

collecting and shelving a serial publication prior to the end of its publication run.  

If a subscription to a serial publication ends its run or is cancelled before the end of 

its run, the library will denote that it has stopped receiving new volumes by filling 

in the end date in the MARC record.   

42. The handling of printed journal subscriptions is shown on the cover or 

the first few pages of individual issues.  As was the best practice among libraries, 
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issues arrived at a central facility and were immediately received, verified as part 

of a subscription, checked in, and stamped or labeled with the institution’s name 

and date.  Determining that the issue was part of the library subscription ensured 

that the entire set of publications for the year had been received so that they could 

be professionally bound and retained.  This process also verified that all of the 

published issues arrived so that the library staff did not have to request or claim an 

issue that did not arrive as expected.  In large public libraries with branches and 

multi-campus libraries within academic institutions, the journals were sorted and 

delivered to the subscribing unit.  The new issue was placed in the public area; the 

older issue was stored so that it remained available. 

43. The foregoing process has been standard library practice longer than I 

have been working in the profession.  I first learned the steps in the process in the 

late 1970s and later supervised it.  Although the checking in process has become 

automated and now links electronically to holdings records for the MARC record 

for each serial title, the manual placement of a stamp or label and placing the issue 

in a public area has not changed for 50 years.  Unless I note otherwise below in 

reference to a specific serial publication, it is my expert opinion that this standard 

protocol was followed for the serial publication discussed below. 
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IV. PUBLICATIONS 

A. EXHIBIT 1005 (“Kaiser”) 

44. Attached hereto as Exhibit 1005 is a copy of a dissertation titled 

Multi-Carrier CDMA Mobile Radio Systems - Analysis and Optimization of 

Detection, Decoding, and Channel Estimation by Stefan Kaiser (hereafter 

“Kaiser”) and issued by the Department of Computer Science and Engineering at 

the Technische Universität München (Dusseldorf, Germany) with a January 1998 

date attached by the student.   Exhibit 1005 is a true and correct copy of the title 

page, vorwort [preface]16, [table of] contents, seven chapters, three appendices, and 

a bibliography.  I obtained Exhibit 1005 from counsel.  The text is complete; no 

pages are missing, and the text on each page appears to flow seamlessly from one 

page to the next; further, there are no visible alterations to the document.  Exhibit 

1005 is a true and correct copy in a condition that creates no suspicion about its 

authenticity. Also attached hereto as Exhibit 1071 is a copy of the following pages 

of Kaiser: the title page, page V, page 14, pages 32-24, pages 130-137, page 140, 

and page 150. Exhibit 1071 was provided to me by counsel, and I understand that it 

was obtained from the University of Mannheim library in Mannheim, Germany on 

March, 28, 2025. I compared the pages of Exhibit 1071 with corresponding pages 

 

16 Attachment 1E includes a certified translation of the German language portions of Kaiser into 
English and indicates that the term “vorwort” in German translates to “preface” in English. 
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in Exhibit 1005 and found no discrepancies between them. 

45. A dissertation exhibits the following characteristics: a dissertation is 

attributed to a single creator or author, recognizes a committee of faculty members, 

includes a list of scholarly references, and is published through the institution of 

higher education conferring the degree. Kaiser has each of these characteristics. 

Kaiser is attributed to a single creator or author (in this case Stefan Kaiser) who 

affixes a date of creation (in this case January 1998), recognizes a committee of 

faculty members with their affiliations, (in this case Prof. Dr.-Ing. P.W. Baier, 

Prof. Dr.-Ing. W. Rupprecht, and Prof. Dr.-Ing. R. Zengerle), includes a list of 

scholarly references (in this case 146 references), and is published through the 

institute of higher education conferring the doctoral degree (in this case the 

Department of Computer Science and Engineering at the Technische Universität 

München). 

46. Attached hereto as Attachment 1A is a true and correct copy of the 

MARC record for this dissertation from the Bavarian Library Network17 (Munich, 

Germany) online catalog. The library ownership is indicated by the presence of the 

library’s name at the bottom of the page. Attachment 1A shows in field 008 that 

the MARC record for the Kaiser dissertation was created on April 15, 1998 

 

17 Attachment 1A includes a logo for “Bibliotheksverbund Bayern”, and the German to English 
translation of this phrase, as shown in Attachment 1C, is “Bavarian Library Network.” 
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(“980415”).  The library continues to update and enhance this MARC record to 

meet current cataloging rules. The most recent enhancement to the MARC record 

occurred on July 4, 2014, as shown in field 005 (“20140704”).  I personally 

identified and retrieved the MARC record that is attached hereto as Attachment 

1A.  

47. The International Standard Book Number (ISBN) on Exhibit 1005 (3-

18-353110-0) matches the ISBN in field 020 of Attachment 1A.  Therefore, 

Exhibit 1005 is the same dissertation as the one that the cataloger in the Bavarian 

Library Network used to create the MARC record that is Attachment 1A. It would 

have been able to be located by a person of ordinary skill in the art using the 

library catalog system and was thus publicly accessible. 

48. Attached hereto as Attachment 1B is a true and correct copy of the 

MARC record for the dissertation titled Multi-Carrier CDMA mobile radio systems 

- analysis and optimization of detection, decoding, and channel estimation 

obtained from the OCLC bibliographic database.  As previously noted, the library 

that created the record is recorded in field 040 with a unique library code.  For 

Attachment 1B, that library code is “CAI,” which means that the MARC record for 

this dissertation was created at the Bibliothèque Scientifique Nationale / National 

Research Council Library (Ottawa, Ontario, Canada). As can be seen in field 008 

(“Date entered on file”), a cataloger at the Bibliothèque Scientifique Nationale / 
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National Research Council Library created OCLC record number 45526476 on 

July 6, 1998 (“980706”).  The library continues to update and enhance this MARC 

record to meet current cataloging rules.  The most recent enhancement to 

Attachment 1B occurred on June 17, 2022, as shown in field 005 (“20220617”).  I 

personally identified and retrieved the MARC record that is Attachment 1B.     

49. Attachment 1B further includes an entry in field 050 (“Q350 [$b] V48 

Nr. 531”)—as described above, a subject matter classification number consistent 

with the Library of Congress classification system (analogous to the Dewey 

Decimal classification system). The classification notation Q350 represents the 

following hierarchy: Science (General); Cybernetics; Information theory; 

Periodicals, societies, congresses, serial publications. Attachment 1B further 

includes five German language descriptor terms reading “Bandspreiztechnik”, 

“CDMA,” “Frequenzdemodulation”, “Mobilfunk”, and “Trägerfrequenztechnik” 

(Carrier frequency technology) in the 650 fields.  It is my understanding, based on 

the certified German to English translation of Attachment 1B that is attached 

hereto as Attachment 1D, that ““Bandspreiztechnik” means “Band Spreading 

Technology”, “Frequenzdemodulation” means “Frequency Demodulation”, 

“Mobilfunk” means “Mobile Radio”, and “Trägerfrequenztechnik” means “Carrier 

Frequency Technology.” Thus, as of its cataloging, the publication corresponding 

to the MARC record attached hereto as Attachment 1B was indexed according to 
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its subject matter by virtue of at least two independently sufficient classifications: 

the field 050 entry and the field 650 entries.  Further, as of July 6, 1998, the 

MARC record attached hereto as Attachment 1B was accessible through any 

library with access to the OCLC bibliographic database or the online catalog at a 

library that added this book to its collection, which means that the corresponding 

publication was publicly available on or before that same date through any library 

with access to the OCLC bibliographic database or through an individual library.      

50. WorldCat indicates that the publication titled Multi-carrier CDMA 

mobile radio systems: analysis and optimization of detection, decoding, and 

channel estimation as cataloged at the Bibliothèque Scientifique Nationale / 

National Research Council Library is currently available from 19 libraries.18  In 

view of the analysis of Attachments 1A and 1B above, dissertation titled Multi-

carrier CDMA mobile radio systems: analysis and optimization of detection, 

decoding, and channel estimation was publicly available on or shortly after July 6, 

1998, because by that date it had been cataloged, indexed, and received at the 

Bibliothèque Scientifique Nationale / National Research Council Library and made 

part of the OCLC bibliographic database. For these reasons, it is my opinion that 

Exhibit 1005 was published and accessible to the public on July 6, 1998. 

 

18 WorldCat, https://search.worldcat.org/title/45526476 (last accessed February 17, 
2025) 
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B. EXHIBIT 1004 (“Galda”) 

51. Attached hereto as Exhibit 1004 is a copy of a conference paper 

published in volume 4 of the four-volume set of the proceedings of the  VTC 

Spring 2002: IEEE 55th Vehicular Technology Conference: Connecting the Mobile 

World found in the Linda Hall Library of Science, Engineering & Technology 

(Kansas City, Missouri).  The conference paper titled “A Low Complexity 

Transmitter Structure for OFDM-FDMA Uplink Systems” by Dirk Galda, 

Hermann Rohling, Elena Costa, Harald Haas, and Egon Schulz (hereafter “Galda”) 

appears beginning on page 1737 in volume 4.  The IEEE 55th Vehicular 

Technology Conference was held on May 6-9, 2002, in Birmingham, Alabama, as 

identified on the cover page of Exhibit 1004.  Pages 1737-1741 within Exhibit 

1004 are a true and correct copy of the Galda conference paper.  I obtained this 

copy of the conference paper from the Linda Hall Library of Science, Engineering 

& Technology.  Specifically, the text of the Galda conference paper is complete; 

no pages are missing, and the text on each page appears to flow seamlessly from 

one page to the next; further, there are no visible alterations to the 

document.  Exhibit 1004 was found within the custody of a library – a place where, 

if authentic, a copy of the four volumes of the proceedings of the IEEE 55th 

Vehicular Technology Conference would likely be.  Exhibit 1004 is a true and 

correct copy in a condition that creates no suspicion about authenticity.   
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52. The Galda conference paper is also available in the IEEE Xplore 

database,19 which indicates that it was added to IEEE Xplore on August 7, 2002, 

and in the digital repositories ResearchGate20 and Semantic Scholar.21  

53. Attached hereto as Attachment 2A is a true and correct copy of the 

MARC record for this four-volume set of the IEEE 55th Vehicular Technology 

Conference proceedings from the Linda Hall Library of Science, Engineering & 

Technology online catalog.  The library ownership is indicated by the presence of 

the library’s code (“LHL”) in the 049 field.  I personally identified and retrieved 

the library catalog record that is Attachment 2A. 

54. Based on finding a print copy of Exhibit 1004 in the Linda Hall 

Library of Science, Engineering & Technology and MARC record in its online 

library catalog attached as Attachment 2A, it is my opinion that the four-volume 

set of conference proceedings titled VTC Spring 2002: IEEE 55th Vehicular 

Technology Conference : Connecting the mobile world was publicly available at 

the Linda Hall Library of Science, Engineering & Technology as of June 26, 2002, 

 

19 IEEE Xplore database, https://ieeexplore.ieee.org/abstract/document/1002918 
(last accessed March 5, 2025) 
20 ResearchGate, 
https://www.researchgate.net/publication/3948073_A_low_complexity_transmitter
_structure_for_OFDM-FDMA_uplink_systems (last accessed March 5, 2025). 
21 Semantic Scholar, https://www.semanticscholar.org/paper/A-low-complexity-
transmitter-structure-for-uplink-Galda-
Rohling/84648a427ae3979763002738a3464305dfccdc07 (last accessed March 5, 
2025). 
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as shown in field 008 (“020626”).  

55. Attached hereto as Attachment 2B is a true and correct copy of the 

MARC record for the four-volume set of conference proceedings titled VTC Spring 

2002: IEEE 55th Vehicular Technology Conference: Connecting the Mobile World 

obtained from the OCLC bibliographic database. I personally identified and 

retrieved the MARC record that is Attachment 2B. As previously noted, the library 

that created the record is recorded in field 040 with a unique library code.  For 

Attachment 2B, that library code is “LHL,” which means that the MARC record 

for this four-volume set of conference proceedings was cataloged at the Linda Hall 

Library of Science, Engineering & Technology.  As can be seen in field 008 (“Date 

entered on file”) of the MARC record that is Attachment 2B, a cataloger at the 

Linda Hall Library of Science, Engineering & Technology created OCLC record 

number 50064234 on June 26, 2002 (“020626”).  The library continues to update 

and enhance this MARC record to meet current cataloging rules.   

56. Attachment 2B further includes an entry in field 050 (“TK6570.M6 $b 

I23 2002”). As described above, field 050 includes a subject matter classification 

number consistent with the Library of Congress classification system (analogous to 

the Dewey Decimal classification system). The classification notation TK6570.M6 

represents the following hierarchy: Electrical engineering, Electronics, [and] 

Nuclear engineering; Radio; Special applications of radio A-Z; Mobile 
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communication systems. Attachment 2B also shows that Exhibit 1004 was 

catalogued with three descriptor terms in the 650 fields: “Electronics in 

transportation $v Congresses” (see Attachment 2C, Library of Congress subject 

heading sh2008119337), “Mobile communication systems $v Congresses” 

(Attachment 2D, Library of Congress subject heading sh2008107882), and 

“Artificial satellites in telecommunication $v Congresses” (see Attachment 2E, 

Library of Congress subject heading sh2007101479). Thus, as of its cataloging, the 

publication corresponding to the MARC record attached hereto as Attachment 2B 

was indexed according to its subject matter by virtue of at least two independently 

sufficient classifications: the field 050 entry and the field 650 entries.  Further, as 

of June 26, 2002, the MARC record attached hereto as Attachment 2B was 

accessible through any library with access to the OCLC bibliographic database or 

the online catalog at a library that acquired the four-volume set of conference 

proceedings, which means that the corresponding publication was publicly 

available on or before that same date through any library with access to the OCLC 

bibliographic database or through an individual library. 

57. WorldCat indicates that the four-volume set of conference 

proceedings titled VTC Spring 2002 : IEEE 55th Vehicular Technology Conference 

: Connecting the mobile world as cataloged at the Linda Hall Library of Science, 
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Engineering & Technology is currently available from 277 libraries.22  In view of 

the above, the four-volume set of conference proceedings titled VTC Spring 2002: 

IEEE 55th Vehicular Technology Conference -- connecting the mobile world was 

publicly available on June 26, 2002, because by that date it had been received, 

cataloged, and indexed at the Linda Hall Library of Science, Engineering & 

Technology and made part of the OCLC bibliographic database.  For these reasons, 

it is my opinion that Exhibit 1004 was published and publicly accessible on June 

26, 2002. 

C. EXHIBIT 1007 (“Bury”) 

58. Attached hereto as Exhibit 1007 is a copy of a conference paper 

published in a three-volume set titled Globecom '00 - IEEE Global 

Telecommunications Conference found in the Linda Hall Library of Science, 

Engineering & Technology (Kansas City, Missouri).  The conference paper titled 

“Comparison of Amplitude Distributions for Hadamard Spreading and Fourier 

Spreading in Multi-Carrier Code Division Multiplexing” by Andreas Bury and 

Jürgen Lindner (hereafter “Bury”) appears beginning on page 857 in volume 2.  As 

indicated on the cover page of Exhibit 1017, the Globecom '00 IEEE Global 

Telecommunications Conference was held on November 27 through December 1, 

 

22WorldCat, https://search.worldcat.org/title/50064234 (last accessed March 5, 
2025).  
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2000, in San Francisco, California.  Exhibit 1017 includes a true and correct copy 

of the Bury conference paper (volume 2, pages 857-860).  I obtained this copy of 

the conference paper from the Linda Hall Library of Science, Engineering & 

Technology.  Specifically, the text of the Bury conference paper is complete; no 

pages are missing, and the text on each page appears to flow seamlessly from one 

page to the next; further, there are no visible alterations to the document.  Exhibit 

1007 was found within the custody of a library – a place where, if authentic, a copy 

of this three-volume set of conference proceedings would likely be.  Exhibit 1007 

is a true and correct copy in a condition that creates no suspicion about 

authenticity.   

59. The Bury conference paper is also available in the IEEE Xplore 

database,23 which indicates an addition date of August 6, 2002, and the digital 

repository TIB – Leibniz Information Centre for Science and Technology and 

University Library.24  

60. Attached hereto as Attachment 3A is a true and correct copy of the 

MARC record for this three-volume set of conference proceedings from the Linda 
 

23 IEEE Xplore database, https://ieeexplore.ieee.org/document/891260 (last 
accessed March 5, 2025) 
24 TIB – Leibniz Information Centre for Science and Technology and University 
Library, https://www.tib.eu/en/search/id/BLCP:CN037815937/Comparison-of-
Amplitude-Distributions-for-
Hadamard?cHash=a7644f9e59674542660396708e79aec9 (last accessed March 5, 
2025). 
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Hall Library of Science, Engineering & Technology online catalog.  The library 

ownership is indicated by the presence of the library’s code (“LHL”) in the 049 

field.  I personally identified and retrieved the library catalog record which is 

Attachment 3A. 

61. Based on finding a print copy of Exhibit 1007 in the Linda Hall 

Library of Science, Engineering & Technology and MARC record in its online 

library catalog attached as Attachment 3A, it is my opinion that the three-volume 

set of conference proceedings titled Globecom '00 - IEEE Global 

Telecommunications Conference was publicly available at the Linda Hall Library 

of Science, Engineering & Technology as of January 12, 2001, as shown in field 

008 (“010112”).  

62. Attached hereto as Attachment 3B is a true and correct copy of the 

MARC record for the three-volume set of conference proceedings titled Globecom 

'00 - IEEE Global Telecommunications Conference obtained from the OCLC 

bibliographic database. I personally identified and retrieved the MARC record that 

is Attachment 3B. As previously noted, the library that created the record is 

recorded in field 040 with a unique library code.  For Attachment 3B, that library 

code is “LHL,” which means that the MARC record for this three-volume set of 

conference proceedings was cataloged at the Linda Hall Library of Science, 

Engineering & Technology.  As can be seen in the “Entered” field in the MARC 
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record for this exhibit, a cataloger at the Linda Hall Library of Science, 

Engineering & Technology created OCLC record number 50064234 on January 

12, 2001 (“010112”), as shown in field 008 (“Date entered on file”).   

63. Attachment 3B further includes an entry in field 050 (“TK5101 $b 

.I37 2000”)—as described above, a subject matter classification number consistent 

with the Library of Congress classification system (analogous to the Dewey 

Decimal classification system). The classification notation TK5101 represents the 

following hierarchy: Electrical engineering, Electronics, [and] Nuclear 

engineering; Telecommunication; Periodicals, societies, congresses, etc. 

Attachment 3B also includes an entry in field 082: (“004.6”). described above, 

field 082 includes a subject matter classification number consistent with the Dewey 

Decimal classification system. The classification notation 004.6 represents the 

following hierarchy: Computer science, information & general works; Computer 

science, software development, software, data; special computer methods; 

Interfacing and communications. Attachment 3B also shows that Exhibit 1007 was 

catalogued with five descriptor terms reading “Telecommunication $v Congresses” 

(see Attachment 3C, Library of Congress subject heading sh2008112721), “Data 

transmission systems $v Congresses” (Attachment 3D, Library of Congress subject 

heading sh2008102044), “Computer networks $v Congresses” (see Attachment 3E, 

Library of Congress subject heading sh2008101222), “Broadband communication 
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systems $v Congresses” (Attachment 3F, Library of Congress subject heading 

sh2007102163),  and “Artificial satellites in telecommunication $v Congresses” 

(see Attachment 2E, Library of Congress subject heading sh2007101479) in the 

650 fields. Thus, as of its cataloging, the publication corresponding to the MARC 

record attached hereto as Attachment 3B was indexed according to its subject 

matter by virtue of at least three independently sufficient classifications: the field 

050 entry, the field 082 entry, and the field 650 entries.  Further, as of January 12, 

2001, the MARC record attached hereto as Attachment 3B was accessible through 

any library with access to the OCLC bibliographic database or the online catalog at 

a library that acquired the three-volume set of conference proceedings, which 

means that the corresponding publication was publicly available on or before that 

same date through any library with access to the OCLC bibliographic database or 

through an individual library. 

64. WorldCat indicates that the three-volume set of conference 

proceedings titled Globecom '00 - IEEE. Global Telecommunications Conference. 

Conference Record as cataloged at the Linda Hall Library of Science, Engineering 

& Technology is currently available from 66 libraries.25  In view of the above, the 

four-volume set of conference proceedings titled Globecom '00 - IEEE Global 

 

25WorldCat, https://search.worldcat.org/title/45707099 (last accessed March 5, 
2025).  
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Telecommunications Conference was publicly available on January 12, 2001, 

because by that date it had been received, cataloged, and indexed at the Linda Hall 

Library of Science, Engineering & Technology and made part of the OCLC 

bibliographic database.  For these reasons, it is my opinion that Exhibit 1007 was 

published and publicly accessible on January 12, 2001.   

D. EXHIBIT 1003 (“Doufexi”) 

65. Attached hereto as Exhibit 1003 is a copy of a conference paper 

published in five-volume set titled The 13th IEEE International Symposium on 

Personal, Indoor and Mobile Radio Communications found in the Linda Hall 

Library of Science, Engineering & Technology (Kansas City, Missouri).  The 

conference paper titled “Design Considerations and Initial Physical Layer 

Performance Results for a Space Time Coded OFDM 4G Cellular Network” by 

Angela Doufexi, Simon Armour, Andrew Nix, and Mark Beach (hereafter 

“Doufexi”) appears beginning on page 192 in volume 1.  As indicated on the cover 

page of Exhibit 1003, the 13th IEEE International Symposium on Personal, Indoor, 

and Mobile Radio Communications was held on September 18, 2002, in Lisbon, 

Portugal.  Exhibit 1003 is a true and correct copy of the Doufexi conference paper 

(volume 1, pages 192-196).  I obtained this copy of the conference paper from the 

Linda Hall Library of Science, Engineering & Technology.  Specifically, the text 

of the Doufexi conference paper is complete; no pages are missing, and the text on 
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each page appears to flow seamlessly from one page to the next; further, there are 

no visible alterations to the document.  Exhibit 1003 was found within the custody 

of a library – a place where, if authentic, a copy of this five-volume set of 

conference proceedings would likely be.  Exhibit 1003 is a true and correct copy in 

a condition that creates no suspicion about authenticity.   

66. The Doufexi conference paper is also available in the IEEE Xplore 

database,26 which indicates a December 10, 2002, addition date.  

67. Attached hereto as Attachment 4A is a true and correct copy of the 

MARC record for this five-volume set of conference proceedings from the Linda 

Hall Library of Science, Engineering & Technology online catalog.  The library 

ownership is indicated by the presence of the library’s code (“LHL”) in the 049 

field.  I personally identified and retrieved the library catalog record which is 

Attachment 4A. 

68. Based on finding a print copy of Exhibit 1003 in the Linda Hall 

Library of Science, Engineering & Technology and MARC record in its online 

library catalog attached as Attachment 4A, it is my opinion that the five-volume set 

of conference proceedings titled The 13th IEEE International Symposium on 

Personal, Indoor, and Mobile Radio Communications was publicly available at the 

Linda Hall Library of Science, Engineering & Technology as of December 30, 

 

26 https://ieeexplore.ieee.org/document/1046687  
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2002, as shown in field 008 (“021230”).  

69. Attached hereto as Attachment 4B is a true and correct copy of the 

MARC record for the five-volume set of conference proceedings titled The 13th 

IEEE International Symposium on Personal, Indoor, and Mobile Radio 

Communications obtained from the OCLC bibliographic database. I personally 

identified and retrieved the MARC record that is Attachment 4B. As previously 

noted, the library that created the record is recorded in field 040 with a unique 

library code.  For Attachment 4B, that library code is “LHL,” which means that the 

MARC record for this five-volume set of conference proceedings was cataloged at 

the Linda Hall Library of Science, Engineering & Technology.  As can be seen in 

the MARC record for this exhibit, a cataloger at the Linda Hall Library of Science, 

Engineering & Technology created OCLC record number 51282880 on December 

30, 2002 (“021230”), as shown in field 008 (“Date entered on file”).  The library 

continues to update and enhance this MARC record to meet current cataloging 

rules.  The most recent enhancement to the MARC record occurred on November 

24, 2024, as shown in field 005 (“20241124”).  

70. Attachment 4B further includes an entry in field 050 (“TK5103.2 $b 

.I33 2002”)—as described above, a subject matter classification number consistent 

with the Library of Congress classification system (analogous to the Dewey 

Decimal classification system) and an entry in field 082 (“621.384”)—as described 
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above, a subject matter classification number consistent with the Dewey Decimal 

classification system.  The classification notation TK5103.2 represents the 

following hierarchy: Electrical engineering, Electronics, [and] Nuclear 

engineering; Telecommunication; Wireless communication systems; Mobile 

communication systems; General works. The classification notation 621.384 

represents the following hierarchy: Technology; Engineering; Applied physics; 

Electrical, magnetic, optical, communications, computer engineering; electronics, 

lighting; Electronics, communications engineering; Specific communications 

systems; Radio and radar. Attachment 4B also shows that Exhibit 1003 was 

catalogued with four descriptor terms in the 650 fields reading “Wireless 

communication systems $v Congresses” (see Attachment 4C, Library of Congress 

subject heading sh2008113541), “Mobile communication systems $v Congresses” 

(Attachment 2D, Library of Congress subject heading sh2008107882), “Personal 

communication service systems $v Congresses” (see Attachment 4D, Library of 

Congress subject heading sh2008109080), and “Software radio $v Congresses” 

(Attachment 4E, Library of Congress subject heading sh2001008436 and 

Attachment 4F, Library of Congress subject heading sh85031115) in the 650 

fields. Thus, as of its cataloging, the publication corresponding to the MARC 

record attached hereto as Attachment 4B was indexed according to its subject 

matter by virtue of at least three independently sufficient classifications: the field 
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050 entry, the field 082 entry, and the field 650 entries.  Further, as of December 

30, 2002, the MARC record attached hereto as Attachment 4B was accessible 

through any library with access to the OCLC bibliographic database or the online 

catalog at a library that acquired the five-volume set of conference proceedings, 

which means that the corresponding publication was publicly available on or 

before that same date through any library with access to the OCLC bibliographic 

database or through an individual library. 

71. WorldCat indicates that the five-volume set of conference proceedings 

titled The 13th IEEE International Symposium on Personal, Indoor, and Mobile 

Radio Communications as cataloged at the Linda Hall Library of Science, 

Engineering & Technology is currently available from 325 libraries.27  In view of 

the above, the five-volume set of conference proceedings titled The 13th IEEE 

International Symposium on Personal, Indoor and Mobile Radio Communications 

was publicly available on December 30, 2002, because by that date it had been 

received, cataloged, and indexed at the Linda Hall Library of Science, Engineering 

& Technology and made part of the OCLC bibliographic database.  For these 

reasons, it is my opinion that Exhibit 1003 was published and publicly accessible 

on December 30, 2002. 

 

27 https://search.worldcat.org/title/51282880 (last accessed March 5, 2025). 
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E. EXHIBIT 1016 (“Brüninghaus”) 

72. Attached hereto as Exhibit 1016 is a copy of a conference paper 

published in three-volume s titled VTC '98: 48th Vehicular Technology 

Conference: Pathway to a Global Wireless Revolution found in the Linda Hall 

Library of Science, Engineering & Technology (Kansas City, Missouri).  The 

conference paper titled “Multi-Carrier Spread Spectrum and its Relationship to 

Single-Carrier Transmission” by Karsten Brüninghaus and Hermann Rohling 

(hereafter “Brüninghaus”) appears beginning on page 2329 in volume 3.  As shown 

on the cover page of Exhibit 1016, the 48th Vehicular Technology Conference: 

Pathway to a Global Wireless Revolution was held on May 18-21, 1998, in 

Ottawa, Ontario, Canada.  Exhibit 1016 includes a true and correct copy of the 

Brüninghaus conference paper (volume 3, pages 2329-2332).  I obtained this copy 

of the conference paper from the Linda Hall Library of Science, Engineering & 

Technology.  Specifically, the text of the Brüninghaus conference paper is 

complete; no pages are missing, and the text on each page appears to flow 

seamlessly from one page to the next; further, there are no visible alterations to the 

document.  Exhibit 1016 was found within the custody of a library – a place where, 

if authentic, a copy of this three-volume set of conference proceedings would 

likely be.  Exhibit 1016 is a true and correct copy in a condition that creates no 

suspicion about authenticity.   
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73. The Brüninghaus conference paper is also available in the IEEE 

Xplore database 28  which indicates an August 6, 2002, addition date. The 

Brüninghaus conference paper is also available through the digital repository 

Semantic Scholar.29 

74. Attached hereto as Attachment 5A is a true and correct copy of the 

MARC record for this three-volume set of conference proceedings from the Linda 

Hall Library of Science, Engineering & Technology online catalog.  The library 

ownership is indicated by the presence of the library’s code (“LHL”) in the 049 

field.  The library continues to update this MARC record and enhanced the MARC 

record to meet current cataloging rules.  I personally identified and retrieved the 

library catalog record which is Attachment 5A. 

75. Based on finding a print copy of Exhibit 1016 in the Linda Hall 

Library of Science, Engineering & Technology and MARC record in its online 

library catalog attached as Attachment 5A, it is my opinion that the three-volume 

set of conference proceedings titled VTC '98: 48th Vehicular Technology 

Conference: Pathway to a Global Wireless Revolution was publicly available at the 
 

28 https://ieeexplore.ieee.org/document/686174 (last accessed March 5, 2025). 
29 https://www.semanticscholar.org/paper/Multi-carrier-spread-spectrum-and-its-

relationship-Bruninghaus-

Rohling/56b3e394717cab196581159e407e800069de4025 (last accessed March 5, 

2025). 
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Linda Hall Library of Science, Engineering & Technology as of July 16, 1998, as 

shown in field 008 (“980716”).  

76. Attached hereto as Attachment 5B is a true and correct copy of the 

MARC record for the three-volume set of conference proceedings titled VTC ’98: 

48th Vehicular Technology Conference: Pathway to a Global Wireless Revolution 

obtained from the OCLC bibliographic database. I personally identified and 

retrieved the MARC record that is Attachment 5B. As previously noted, the library 

that created the record is recorded in field 040 with a unique library code.  For 

Attachment 5B, that library code is “LHL,” which means that the MARC record 

for this three-volume set of conference proceedings was cataloged at the Linda 

Hall Library of Science, Engineering & Technology.  As can be seen in the MARC 

record for this exhibit, a cataloger at the Linda Hall Library of Science, 

Engineering & Technology created OCLC record number 3949316 on July 16, 

1998 (“980716”), as shown in field 008 (“Date entered on file”).  The library 

continues to update and enhance this MARC record to meet current cataloging 

rules.  The most recent enhancement to the MARC record occurred on December 

12, 2024, as shown in field 005 (“20241212”).  

77. Attachment 5B further includes an entry in field 050 (“TK6570.M6 $b 

.I33 1998”)—as described above, a subject matter classification number consistent 

with the Library of Congress classification system (analogous to the Dewey 
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Decimal classification system). The classification notation TK6570.M6 represents 

the following hierarchy: Electrical engineering, Electronics, [and] Nuclear 

engineering; Radio; Special applications of radio, A-Z; Mobile communication 

systems. Attachment 5B also shows that Exhibit 1016 was catalogued with three 

descriptor terms reading “Electronics in transportation $v Congresses” 

(Attachment 2C, Library of Congress subject heading sh2008119337), “Mobile 

communication systems $v Congresses” (Attachment 2D, Library of Congress 

subject heading sh2008107882), and “Artificial satellites in telecommunication $v 

Congresses” (see Attachment 2E, Library of Congress subject heading 

sh2007101479) in the 650 fields. Thus, as of its cataloging, the publication 

corresponding to the MARC record attached hereto as Attachment 5B was indexed 

according to its subject matter by virtue of at least two independently sufficient 

classifications: the field 050 entry and the field 650 entries.  Further, as of July 16, 

1998, the MARC record attached hereto as Attachment 5B was accessible through 

any library with access to the OCLC bibliographic database or the online catalog at 

a library that acquired the three-volume set of conference proceedings, which 

means that the corresponding publication was publicly available on or before that 

same date through any library with access to the OCLC bibliographic database or 

through an individual library. 

78. WorldCat indicates that the three-volume set of conference 

Samsung Exhibit 1012, Page 44 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 

https://classweb.org/min/minaret?app=Class&mod=Search&table=schedules&table=tables&tid=1&menu=/Menu/&iname=span&ilabel=Class%20number&iterm=TK6570.M6%20&subtype=Schedules&time=1742832861698
https://classweb.org/min/minaret?app=Class&mod=Search&table=schedules&table=tables&tid=1&menu=/Menu/&iname=span&ilabel=Class%20number&iterm=TK6570.M6%20&subtype=Schedules&time=1742832861698
https://classweb.org/min/minaret?app=Class&mod=Search&table=schedules&table=tables&tid=1&menu=/Menu/&iname=span&ilabel=Class%20number&iterm=TK6570.M6%20&subtype=Schedules&time=1742832861698
https://classweb.org/min/minaret?app=Class&mod=Search&table=schedules&table=tables&tid=1&menu=/Menu/&iname=span&ilabel=Class%20number&iterm=TK6570.M6%20&subtype=Schedules&time=1742832861698


 

44 

proceedings titled VTC '98: 48th Vehicular Technology Conference: Pathway to a 

Global Wireless Revolution as cataloged at the Linda Hall Library of Science, 

Engineering & Technology is currently available from 318 libraries.30  In view of 

the above, the three-volume set of conference proceedings titled VTC '98: 48th 

Vehicular Technology Conference: Pathway to a Global Wireless Revolution was 

publicly available on July 16, 1998, because by that date it had been received, 

cataloged, and indexed at the Linda Hall Library of Science, Engineering & 

Technology and made part of the OCLC bibliographic database.  For these reasons, 

it is my opinion that Exhibit 1016 was published and publicly accessible on July 

16, 1998.     

V. SUMMARY OF OPINIONS 

79. In view of the foregoing, it is my opinion that the publications 

described above were publicly available no later than the corresponding date listed 

in the table below: 

 

30 https://search.worldcat.org/title/39493216 (last accessed March 5, 2025) 
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Exhibit Publication Publicly Available 
By 

1003 Doufexi, Angela, Simon Armour, Andrew Nix, 
and Mark Beach. “Design Considerations and 
Initial Physical Layer Performance Results for a 
Space Time Coded OFDM 4G Cellular 
Network.” The 13th IEEE International 
Symposium on Personal, Indoor and Mobile 
Radio Communications (vol. 1, pp. 192-196). 5 
vols. PIMRC '02. Piscataway, NJ: IEEE, c2002.  

December 30, 2002 

1004 Galda, Dirk, Hermann Rohling, Elena Costa, 
Harald Haas, and Egon Schulz. “A Low 
Complexity Transmitter Structure for OFDM-
FDMA Uplink Systems.” VTC Spring 2002: 
IEEE 55th Vehicular Technology Conference -- 
Connecting the Mobile World (vol. 4, pp. 1737-
1741). 4 vols. Piscataway, NJ: IEEE, 2002. 

June 26, 2002 

1005 Kaiser, Stefan. Multi-Carrier CDMA Mobile 
Radio Systems - Analysis and Optimization of 
Detection, Decoding, and Channel Estimation. 
Doctoral Dissertation. Department of Computer 
Science and Engineering, Technische Universität 
München. Dusseldorf, Germany: Verein 
Deutscher Ingenieure (VDI) Verlag, ©1998. 

July 6, 1998 

1007 Bury, Andreas, and Jürgen Lindner. 
“Comparison of Amplitude Distributions for 
Hadamard Spreading and Fourier Spreading in 
Multi-Carrier Code Division Multiplexing.” 
Globecom '00 - IEEE. Global 
Telecommunications Conference. Conference 
Record (vol. 2, pp. 857-860). 3 vols. Piscataway, 
NJ: IEEE, 2000. 

January 12, 2001 

1016 Brüninghaus, Karsten, and Hermann Rohling. 
“Multi-Carrier Spread Spectrum and its 
Relationship to Single-Carrier Transmission.”  
VTC '98: 48th Vehicular Technology 
Conference: Pathway to a Global Wireless 
Revolution (vol. 3, pp. 2329-2332). 3 vol. 
Piscataway, NJ: IEEE, 1998. 

July 16, 1998 
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Exhibit Publication Publicly Available 
By 

1071 The title page, page V, page 14, pages 32-24, 
pages 130-137, page 140, and page 150 of 
Kaiser, Stefan. Multi-Carrier CDMA Mobile 
Radio Systems - Analysis and Optimization of 
Detection, Decoding, and Channel Estimation. 
Doctoral Dissertation. Department of Computer 
Science and Engineering, Technische Universität 
München. Dusseldorf, Germany: Verein 
Deutscher Ingenieure (VDI) Verlag, ©1998. 
Obtained from the University of Mannheim 
Library in Mannheim Germany. 

July 6, 1998 

 
88. In signing this Declaration, I recognize that the Declaration will be 

filed as evidence in a case before the Patent Trial and Appeal Board of the United 

States 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.  

89. I hereby declare that all statements made herein of my own 

knowledge are true and that all statements made on information and belief are 

believed to be true, and further that these statements were made with the 

knowledge that willful false statements and the like so made are punishable by fine 

or imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code. 
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MARC fields:  
LEADER 00000nam a2200000 cb4500 
001 BV011886981 
003 DE-604 
005 20140704 
007 t 
008 980415s1998             mm|| 00||| engod 
020   |a 3183531100 |9 3-18-353110-0  
035   |a (OCoLC)45526476  
035   |a (DE-599)BVBBV011886981  
040   |a DE-604 |b ger |e rakddb  
041 0  |a eng  
049   |a DE-91 |a DE-210 |a DE-634 |a DE-83  
084   |a ZN 6560 |0 (DE-625)157572: |2 rvk  
084   |a ELT 589d |2 stub  
084   |a ELT 745d |2 stub  
100 1  |a Kaiser, Stefan |e Verfasser |4 aut  
245 1 0 |a Multi-carrier CDMA mobile radio systems |b analysis and optimization of detection, 

decoding, and channel estimation |c Stefan Kaiser  
250   |a Als Ms. gedr.  
264  1 |a Düsseldorf |b VDI-Verl. |c 1998  
300   |a VII, 157 S.: Ill., graph. Darst.  
336   |b txt |2 rdacontent  
337   |b n |2 rdamedia  
338   |b nc |2 rdacarrier  
490 1  |a Verein Deutscher Ingenieure: [Fortschrittberichte VDI / 10] |v 531  
502   |a Zugl.: Kaiserslautern, Univ., Diss., 1998  
650 0 7 |a Mobilfunk |0 (DE-588)4170280-3 |2 gnd |9 rswk-swf  
650 0 7 |a Bandspreiztechnik |0 (DE-588)4181277-3 |2 gnd |9 rswk-swf  
650 0 7 |a CDMA |0 (DE-588)4358900-5 |2 gnd |9 rswk-swf  
650 0 7 |a Frequenzdemodulation |0 (DE-588)4155399-8 |2 gnd |9 rswk-swf  
650 0 7 |a Trägerfrequenztechnik |0 (DE-588)4185816-5 |2 gnd |9 rswk-swf  
655  7 |0 (DE-588)4113937-9 |a Hochschulschrift |2 gnd-content  
689 0 0 |a Mobilfunk |0 (DE-588)4170280-3 |D s  
689 0 1 |a CDMA |0 (DE-588)4358900-5 |D s  
689 0 2 |a Trägerfrequenztechnik |0 (DE-588)4185816-5 |D s  
689 0 3 |a Frequenzdemodulation |0 (DE-588)4155399-8 |D s  
689 0 4 |a Bandspreiztechnik |0 (DE-588)4181277-3 |D s  
689 0  |5 DE-604  
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810 2  |a 10] |t Verein Deutscher Ingenieure: [Fortschrittberichte VDI |v 531 |w (DE-
604)BV000897204  

999   |a oai:aleph.bib-bvb.de:BVB01-008031532  
 
Impressum | Datenschutzerklärung  

Gateway Bayern is provided by  
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Bibliographic Record - OCLC Number: 45526476
LDR Record Status 'c' - Corrected or revised

Type of Record 'a' - Language material
Bibliographic Level 'm' - Monograph/Item
Type of Control ' ' - No specified type of control
Encoding Level 'M' - Added from a batch process
Descriptive Cataloging Form 'a' - AACR2

001 45526476
005 20220617211159.2
008 Date Entered on File '980706'

Type of Date/Publication Status 's' - Single date
Date1/Beginning Date of Publication '1998'
Date2/Ending Date of Publication ' '
Place of Publication, Production, or Execution Code 'gw ' - Germany
Illustrations 'a '
Target Audience ' ' - Unknown or unspecified
Form of Item ' ' - None of the following
Nature of Contents Code 't '
Government Publication ' ' - Not a government publication
Conference Publication '0' - Not a conference publication
Festschrift '0' - Not a festschrift
Index '0' - No index
Literary Form '0' - Not fiction
Biography ' ' - No biographical material
Language Code 'eng' - English
Modified Record ' ' - Record is not modified
Cataloging Source Code 'd' - Other

040 CAI $b  eng $c  CAI $d  OCLCQ $d  DEBBG $d  OCLCQ $d  OCLCO $d  OCLCA $d  OCLCO
020 3183531100
020 9783183531103
050 1 4 Q350 V48 Nr. 531
084 ELT 589d $2  stub
084 ELT 745d $2  stub
084 ZN 6560 $2  rvk
100 1 Kaiser, Stefan.
245 1 0 Multi-carrier CDMA mobile radio systems : $b  analysis and optimization of detection, decoding, and

channel estimation / $c  Stefan Kaiser.
260 Dusseldorf : $b  VDI Verlag, $c  ©1998.
300 vii, 157 pages : $b  illustrations.
336 text $b  txt $2  rdacontent
337 unmediated $b  n $2  rdamedia
338 volume $b  nc $2  rdacarrier
490 1 Fortschritt-Berichte VDI. Reihe 10, Informatik/Kommunikationstechnik, $x  0178-9627 ; $v  Nr. 531

1/16/25, 11:40 AM about:blank

about:blank 1/2

Samsung Exhibit 1012, Page 53 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



650 7 Bandspreiztechnik $2  gnd
650 7 CDMA $2  gnd
650 7 Frequenzdemodulation $2  gnd
650 7 Mobilfunk $2  gnd
650 7 Trägerfrequenztechnik $2  gnd
710 2 Verein Deutscher Ingenieure.
830 0 Fortschritt-Berichte VDI. $n  Reihe 10, $p  Informatik/Kommunikationstechnik ; $v  Nr. 531. $x  017

8-9627
029 1 DEBBG $b  BV011886981

1/16/25, 11:40 AM about:blank

about:blank 2/2
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DECLARATION OF DEBORAH LÜDI REIDY 

I, Deborah Lüdi Reidy, pursuant to 28 U.S.C. § 1746, hereby declare as follows: 

1. I am a freelance translator at TransPerfect, Inc.

2. I submit this declaration to certify the accuracy of the English translation of

Attachment 1A, which is the MARC record for Kaiser from the Bavarian Library Network. 

3. My statements are based on personal knowledge and my review of Attachment

1A. If called as a witness about the facts contained in these statements, I could testify 

competently based on such personal knowledge and the investigation I have conducted. 

4. Attached as Exhibit A is a true and accurate copy of Attachment 1A.

5. Attached as Exhibit B is a true and accurate copy of an English translation of the

German-language portions of Attachment 1A (the “Attachment 1A Translation”). 

6. The Attachment 1A Translation is a true and accurate translation of the German-

language portions of Attachment 1A from German into English. 

7. All statements made herein of my own knowledge are true, and all statements

made on information and belief are believed to be true. Further, I am aware that these statements 

are made with the knowledge that willful false statements and the like so made are punishable by 

fine or imprisonment, or both, under 18 U.S.C. § 1001. I declare under penalty of perjury that the 

foregoing is true and correct. 

I declare under penalty of perjury that the foregoing is true and correct to the best 

of my knowledge. Executed on March 25th, 20205 at Forest City, NC. 

_______________________ 

Deborah Lüdi Reidy 

Samsung Exhibit 1012, Page 56 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



EXHIBIT A

Samsung Exhibit 1012, Page 57 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



MARC fields: 
LEADER 00000nam a2200000 cb4500 
001 BV011886981 
003 DE-604 
005 20140704 
007 t 
008 980415s1998  mm|| 00||| engod 
020 |a 3183531100 |9 3-18-353110-0 
035 |a (OCoLC)45526476  
035 |a (DE-599)BVBBV011886981  
040 |a DE-604 |b ger |e rakddb  
041 0 |a eng  
049 |a DE-91 |a DE-210 |a DE-634 |a DE-83 
084 |a ZN 6560 |0 (DE-625)157572: |2 rvk  
084 |a ELT 589d |2 stub  
084 |a ELT 745d |2 stub  
100 1 |a Kaiser, Stefan |e Verfasser |4 aut 
245 1 0 |a Multi-carrier CDMA mobile radio systems |b analysis and optimization of detection, 

decoding, and channel estimation |c Stefan Kaiser  
250 |a Als Ms. gedr.  
264 1 |a Düsseldorf |b VDI-Verl. |c 1998 
300 |a VII, 157 S.: Ill., graph. Darst. 
336 |b txt |2 rdacontent  
337 |b n |2 rdamedia  
338 |b nc |2 rdacarrier  
490 1 |a Verein Deutscher Ingenieure: [Fortschrittberichte VDI / 10] |v 531 
502 |a Zugl.: Kaiserslautern, Univ., Diss., 1998  
650 0 7 |a Mobilfunk |0 (DE-588)4170280-3 |2 gnd |9 rswk-swf  
650 0 7 |a Bandspreiztechnik |0 (DE-588)4181277-3 |2 gnd |9 rswk-swf  
650 0 7 |a CDMA |0 (DE-588)4358900-5 |2 gnd |9 rswk-swf  
650 0 7 |a Frequenzdemodulation |0 (DE-588)4155399-8 |2 gnd |9 rswk-swf 
650 0 7 |a Trägerfrequenztechnik |0 (DE-588)4185816-5 |2 gnd |9 rswk-swf  
655 7 |0 (DE-588)4113937-9 |a Hochschulschrift |2 gnd-content 
689 0 0 |a Mobilfunk |0 (DE-588)4170280-3 |D s  
689 0 1 |a CDMA |0 (DE-588)4358900-5 |D s  
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1

Chapter 1

Introduction

1.1 Progress in Wireless Communications

The history of wireless communications began in 1886 when H. Hertz generated and, thus,

proved the existence of J. C. Maxwell’s theoretically predicted electromagnetic waves. In the

following years G. Marconi demonstrated the potential of wireless communications, as sig-

nificantly documented by the words delivered before the Royal Institution in 1897 from the

Technical Director of the British Post Office, who supported G. Marconi:

“It is curious that hills and apparent obstructions fail to obstruct... Weather seems to have no

influence; rain, fogs, snow and wind, avail nothing... The distance to which signals have been

sent is remarkable. On Salisbury Plain Mr. Marconi covered a distance of four miles. In the

Bristol Channel this has been extended to over eight miles, and we have by no means reached

the limit. It is interesting to read the surmises of others. Half a mile was the wildest dream.”

In 1901 G. Marconi established a radio connection over the Atlantic for what he was awarded

the Nobel Price in 1909. Following experimental research and development led to one of the

first widely used applications of wireless communications, that of radio broadcasting. Using

this medium, G. Marconi in 1937, shortly before his death, said in a radiomessage:

“Radio broadcasting, however, despite the great importance reached and the still unexplored

fields open to investigation, is not, in my opinion, the most significant application of modern

communications, because it is a one way communication only. Greater importance is related,

in my opinion, to the possibility offered by radio of exchanging communications anywhere the

correspondents are located, in the middle of the ocean, in the ice pack in the pole, in the desert

plains or over the clouds in an airplain.”

These words should prove to be true and one hundred years after G. Marconi’s first experiments,

the market of wireless mobile communications with duplex transmission is one of the fastest

expanding of the world. The foundation for a widespread commercial deployment of wireless

mobile communications was laid with the standardization of the first generation cellular mobile

radio systems in the 1980s. Various standards such as the C-450 in Germany, the Total Access

Communications System (TACS) in Europe, the Advanced Mobile Phone Service (AMPS) in

the USA, and the Nippon Telephone and Telegraph (NTT) system in Japan were developed
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world wide [PGH95, Rap96, Stü96]. Characteristic for systems of the first generation are

the analog frequency modulation technique and the allocation of different non-overlapping

frequency bands for individual connections. The separation of the user signals in the frequency

domain is called frequency division multiple access (FDMA) [Pro95, Rap96, Stü96].

Parallel to the progress in wireless communications significant advances in digital communi-

cations took place. The origins of digital communications go back to the work of S. Morse

in 1837, demonstrating an electrical telegraphy system. The so-called Morse code represents

the letters of the alphabet by sequences of dots and dashes and was the precursor of modern

variable-length source coding. The beginnings of modern digital communications stem from

the work from H. Nyquist in 1924, who derived the maximum signaling rate that can be sent

over a channel of a given bandwidth without intersymbol interference (ISI). Based on Nyquist’s

work, C. E. Shannon presented the fundamental limits of digital communication systems when

he derived the channel capacity in 1948. The channel capacity determines the maximum in-

formation rate at which error free transmission is theoretically possible through the channel

by appropriate coding. In the following years efficient digital signal processing techniques were

developed such as source coding for data compression, encryption for security, and channel

coding for error protection.

The rapid development in the area of micro electronics with a continuous increase in device

density of integrated circuits and the development of low-rate digital speech coding techniques

made completely digital second generation cellular mobile radio systems viable [PGH95]. Var-

ious second generation cellular systems were developed in the 1990s. Most of these sys-

tems employ time division multiple access (TDMA), such as the Global System for Mobile

Communications (GSM) and the Digital Cellular System 1800 (DCS1800) in Europe, the

Interim Standard (IS-) 54 in the USA, and the Personal Digital Cellular (PDC) system in

Japan [PGH95, Rap96, Stü96]. With TDMA, the time axis is subdivided into different non-

overlapping time slots where each user is exclusively assigned its time slots in which this user

employs the total available bandwidth. Thus, TDMA separates the users in the time domain

[Pro95, Rap96, Stü96]. In practice, TDMA is combined with FDMA to reduce the hardware

complexity of an otherwise extremely broadband system and to increase the flexibility of the

system.

Parallel to the TDMA based second generation standards, the IS-95 was developed in the USA,

employing code division multiple access (CDMA) with direct sequence (DS) spectrum spread-

ing, combined with FDMA [PGH95, Rap96, Vit95, Stü96]. The origins of CDMA go back to

the beginnings of spread spectrum communications in the first half of the 20st century [Sch82].

Primary applications of spread spectrum communications lay in the development of secure dig-

ital communication systems for military use. Since the second half of the 20st century, spread

spectrum communications became of great interest also for commercial applications, including

mobile multi-user communications. Spread spectrum signals are characterized by their used

bandwidth, which is much greater than the minimum necessary bandwidth for data transmis-

sion [Dix94, BGP84]. The spectrum spreading is achieved by using a spreading code that is
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independent of the message and is known to the receiver. The receiver uses a synchronized

replica of the spreading code to despread the received signal allowing recovery of the message.

The large redundancy inherent in spread spectrum signals is required to overcome interference

caused by the nature of the channel, by intentional disturbances, and by multiple access of

various users. The exploitation of the spread spectrum technique to enable multiple users a

simultaneous access to the channel is called CDMA. The separation of the user signals is per-

formed in the code domain by applying user specific matched filtering in the receiver, referred

to as despreading. Three principles of user specific spectrum spreading may be distinguished,

namely DS, frequency hopped (FH), and time hopped (TH) spreading [Dix94, SOS94]. With

FH spreading and TH spreading, the user specific spreading code is used to pseudo randomly

hop the carrier frequency through a large bandwidth and to pseudo randomly hop the time slots

through a large time duration, respectively. With DS spreading, the user specific spreading code

introduces rapid phase transitions into the data stream, expanding the required bandwidth.

Wireless mobile communication systems of the 21st century have to ensure a wide range of multi-

media services such as speech, image, and data transmission with different and variable bit rates

up to 2 Mbit/s in hierarchical cell structures and in multi-operator scenarios [PGH95, BJK96].

The new services have to be available in indoor and outdoor environments, where the integration

of satellite links shall enable world-wide coverage [PGH95, BJK96]. These requirements cannot

be completely covered by the second generation systems, which have a relatively low available bit

rate in the range of 10 kbit/s per user, primarily designed for speech transmission applications.

Research activities concerning the standardization of the third generation mobile radio systems

are in progress world-wide [PGH95, BJK96, Jun95]. International investigations run under

the generic term Future Public Land Mobile Telecommunications Systems (FPLMTS) or also

International Mobile Telecommunications 2000 (IMT-2000), and in Europe they are referred

to as Universal Mobile Telecommunications Systems (UMTS) [PGH95, BJK96, Rap96]. An

important challenge for UMTS and IMT-2000 is the selection of an appropriate multiple access

scheme to meet the demands of third generation mobile radio systems. Within the program

Research and Development in Advanced Communications Technologies in Europe, Phase II

(RACE II), the two projects referred to as Code Division Testbed (CODIT) [BFG94] and

advanced TDMA (ATDMA) [CDE94] can be mentioned as examples for a DS-CDMA and a

TDMA concept, respectively, developed for UMTS. Both projects ran from 1992 till 1995 and

their results were presented for standardization at the European Telecommunication Standards

Institute (ETSI) and at the International Telecommunications Union (ITU).

The pros and cons of FDMA, TDMA, CDMA, or any combination thereof have to be consid-

ered carefully. They all perform the same under ideal transmission conditions assuming optimal

design. However, under real transmission conditions encountered in mobile communications,

the multiple access schemes can perform with significant differences. Essential for a decision

is a comparison between CDMA and TDMA since FDMA is a quasi natural component of

any multiple access scheme [Bai94]. A multitude of publications addressed to this comparison

have shown that no definite winner emerges and further investigations of hybrid multiple ac-
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cess schemes have to be carried out to exploit the advantages of the various access schemes

[JBS93, Bai94, BJK96, Bai96, Kle96, Agh96]. Furthermore, attention has to be focused on

recent developments in wireless communications, such as in the field of multi-carrier (MC)

communications [Bin90], which can possibly improve the conventional multiple access schemes.

In 1993, various concepts based on a combination of DS-CDMA and MC modulation were pro-

posed [FaP93, YLF93, Van93, KoM93, Faz93, DaS93, CBJ93]. These novel CDMA concepts

with MC modulation are described and discussed in the following section.

1.2 Multi-Carrier CDMA for Mobile Communications

1.2.1 Principles of DS Spread Spectrum and Multi-Carrier Modu-

lation

Before introducing the new CDMA concepts based on MC modulation, a brief introduction to

the basic elements DS spread spectrum and MC modulation is given in this section. A three-

dimensional time/frequency/power density representation, shown in Fig. 1.1, is introduced to

illustrate the principles of the various CDMA concepts and of MC modulation. A box indicates
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Figure 1.1: Three-dimensional time/frequency/power density representation

the three-dimensional time/frequency/power density range of the signal, in which most of the

signal energy is located and does not make any statement about the pulse or spectrum shaping.

The representation is normalized on the energy of a data symbol with duration Td and rate

1/Td, respectively. For comparison, a chip of a DS-CDMA spreading code and of an MC-CDMA

spreading code, explained in detail in the sequel, are shown.

The principle of DS spreading, comprehensively explained in [Dix94, BGP84, SOS94, Vit95,

Pra96, Rap96], is illustrated in Fig. 1.2. The data symbols of a user are spectrally spread before

transmission on carrier fc by multiplying them with a user specific spreading code. The user

specific DS-CDMA spreading code consists of L chips, each of duration Tc, cf. Fig. 1.1. The

chip rate 1/Tc is a factor L larger than the data symbol rate 1/Td. The factor L corresponds to

the spreading code length and is also referred to as bandwidth spreading factor or processing

gain. With DS-CDMA, multiple users simultaneously use the total available bandwidth at the

same time, performing the separation of the user signals in the code domain.
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Figure 1.2: Principle of DS spreading of the data of a single user; Tc = Td/L

The progress in wireless communications entails a demand for higher data rates and, thus,

shorter symbol durations. However, if the duration of the transmitted symbol becomes smaller

than the time dispersion of the multipath channel, the performance of the wireless communica-

tion system suffers from ISI. This is a crucial problem since the receiver complexity is related

to the amount of ISI. An approach to prevent ISI is offered by parallel data transmission

[Cha66, Sal67, WeE71], referred to as MC communications. The principle of MC modulation,

depicted in Fig. 1.3, is to convert a high rate data stream into Nc low-rate substreams, where

Nc is the number of subcarriers used for data transmission. Each substream is modulated on its
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Figure 1.3: Principle of multi-carrier modulation; Ts = TdNc

assigned subcarrier fn, n = 1, . . . , Nc. Thus, the available channel bandwidth is subdivided into

Nc narrow subbands, which ideally appear frequency non-selective. The data symbol rate per

subcarrier is reduced by a factor Nc and with that, the ISI is reduced. A common realization

of MC communications is conventional frequency division multiplexing where the subbands are

completely separated in the frequency domain. However, due to finite steepness of the filter

roll-offs, the subchannel spacing has to be greater than the Nyquist bandwidth to avoid inter-

subchannel interference (ICI). This inefficient use of the available spectrum can be overcome by

permitting spectral overlap between adjacent subchannels [Cha66, Sal67]. ICI can be avoided

by guaranteeing orthogonality between the signals on the subcarriers. With rectangular pulse

shaping, orthogonality between the signals is obtained by choosing a subcarrier spacing equal

to the reciprocal of the symbol duration per subcarrier Ts, known as orthogonal frequency di-

vision multiplexing (OFDM) [WeE71, Hir81, Cim85]. The Nc parallel modulated data symbols
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of duration Ts equal to Nc · Td are referred to as an OFDM symbol with the assigned OFDM

symbol rate 1/Ts. By increasing the number of subcarriers, the OFDM spectrum approaches

an ideal rectangular shaping within the bandwidth B.

The origins of MC communications go back to the 1950s as one of the earliest MC systems, the

so-called Kineplex system with 20 subcarriers, each with a data rate of 150 bit/s, was presented

[DHM57]. Since the amount of filters and oscillators is considerable for a larger number of

subcarriers, an efficient digital implementation of OFDM was proposed by using the discrete

Fourier transform (DFT) or its more computationally efficient implementation, the fast Fourier

transform (FFT) [WeE71]. The progress in semiconductor technology enabled the realization

of an FFT for a high number of subcarriers up to several thousands whereby OFDM gained

much in significance. Residual ISI in MC communications can be avoided completely if a guard

interval is added to each OFDM symbol, which has to be chosen larger than the time dispersion

of the channel [AlL87, Bin90]. The breakthrough of MC communications came in the 1990s as

OFDM was chosen for the European Digital Audio Broadcasting (DAB) standard [AlL87] and

also for the European terrestrial Digital Video Broadcasting (DVB-T) standard [FKR95]. In

broadcast applications, OFDM offers the possibility of operating in single frequency networks

with a frequency reuse factor of one. The interference from neighbouring cells is experienced as

artificial multipath reception causing additional ISI which can also be combatted by the guard

interval [FKR96].

1.2.2 CDMA Concepts with Multi-Carrier Modulation

The success of MC modulation in broadcast applications motivated many researchers to in-

vestigate the suitability of MC modulation for wireless mobile communications. First multiple

access systems with MC modulation were published in 1993 and were based on DS-CDMA

[FaP93, YLF93, Van93, KoM93, Faz93, DaS93, CBJ93]. Two different concepts of combining

DS-CDMA with MC modulation were introduced. Concept I is referred to as MC-CDMA,

also known as OFDM-CDMA or MC-SSMA, and is the topic of this thesis. Concept II was

proposed in two variants, the first one is referred to as MC-DS-CDMA, the second one as

multi-tone (MT) CDMA. For both Concept I and Concept II, all users simultaneously share

the available bandwidth where the separation of the users signals is carried out in the code

domain comparable to DS-CDMA.

Concept I: MC-CDMA is based on a serial concatenation of DS spreading, cf. Fig. 1.2, and

MC modulation, cf. Fig. 1.3, [FaP93, YLF93, CBJ93]. The high rate DS spread data stream

is MC modulated in such a way, that the L chips of a spread data symbol are transmitted in

parallel on different subcarriers. Thus, the assigned data symbol is simultaneously transmitted

on L subcarriers. If the number of subcarriers Nc is equal to the spreading code length L, MC-

CDMA requires the total bandwidth for the transmission of a single data symbol comparable

to DS-CDMA. When choosing L smaller than Nc and introducing an appropriate frequency

interleaving, the flexibility of an MC-CDMA system can be increased and the complexity of
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the data detector can be reduced [FaP93, Faz93]. Fig. 1.4 shows the principle of an equiva-

lent realization of the serial concatenation of DS spreading, cf. Fig. 1.2, and MC modulation,

cf. Fig. 1.3. Each data symbol is copied onto L substreams before multiplication with one chip
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Figure 1.4: Principle of spreading of the data of a single user by MC-CDMA for the case

Nc = L, i.e., Ts = Td and T ′
c = Td

of the spreading code per substream. A chip of the MC-CDMA spreading code grouped in the

frequency domain has the duration T ′
c, cf. Fig. 1.1, which is by a factor of Nc greater than the

duration Tc of a chip of the DS-CDMA spreading code. The case of Nc equal to L is illustrated

in Fig. 1.4, yielding that the data symbol duration Td, the chip duration T ′
c, and the OFDM

symbol duration Ts are identical. Fig. 1.4 reflects the fact that MC-CDMA has a spreading

code grouped in the frequency domain. Comparing the spread data symbols of DS-CDMA,

cf. Fig. 1.2, with those of MC-CDMA, cf. Fig. 1.4, it can be seen that MC-CDMA offers an

additional flexibility in the frequency domain, which results in simple methods for signal recon-

struction in the frequency domain. MC-CDMA was introduced with OFDM for optimum use of

the available bandwidth [FaP93, YLF93, CBJ93]. Most MC-CDMA systems were proposed for

the downlink from a base station (BS) to a mobile station (MS) where powerful mobile receivers

with low complexity are required [FaP93, YLF93, CBJ93]. The time/frequency synchronism

between the users in the downlink allows a simple realization of an efficient channel estimation

required for coherent detection.

An approach to mitigate the effect of ISI in mobile radio environments without the exploitation

of a guard interval implies more complex receivers with joint detection (JD), however, overcomes

the loss in data rate due to the guard interval [JBP96a, JBP96b]. This approach was considered

for the uplink from an MS to a BS where more complex receivers can be applied in the fixed

BS. Since MC-CDMA can be implemented as DS-CDMA with a spreading code structure in

the time domain [JBP96a, NaS96], this approach can employ JD techniques which have been

primarily developed for DS-CDMA in the uplink [KlB93, KKB94, JuB95, Kle96].

Concept II: With Concept II, the serial data stream is first converted into parallel low-rate

substreams before applying DS spreading on each substream, see Fig. 1.5 [DaS94, CSP95a,

SoN96, Van95]. When setting the number of subcarriers Nc to one, Concept II becomes identical

to DS-CDMA. Concept II was proposed in the two variants MC-DS-CDMA and MT-CDMA.
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MC-DS-CDMA modulates the substreams on subcarriers with a spacing of the reciprocal of

the chip duration to guarantee orthogonality between the signals of the substreams after DS

spreading [DaS94, CSP95a, SoN96]. A chip of the MC-DS-CDMA spreading code has the same

duration T ′
c as a chip of the MC-CDMA spreading code, cf. Fig. 1.1. Comparable with MC-

CDMA, the OFDM symbol duration Ts is equal to the chip duration T ′
c. If the spreading code

length L is equal to the number of subcarriers Nc, as illustrated in Fig. 1.5, or less than Nc,

a single data symbol is not spread in bandwidth with MC-DS-CDMA, instead, it is extended

in the time. The design of MC-DS-CDMA systems with a high number of subchannels, where
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Figure 1.5: Principle of spreading of the data of a single user by MC-DS-CDMA for the case

Nc = L, i.e., Ts = Td and T ′
c = Td

each subchannel can be considered as frequency non-selective, is advantageous in the sense

of exploiting time diversity. However, due to the frequency non-selective fading per subchan-

nel, frequency diversity can only be exploited if channel coding with appropriate interleaving

[CSP95a] or subcarrier hopping [CSP95b] is used, or if the same information is transmitted in

parallel on several subcarriers [SoN96]. This could be extended to the case where the same

information is transmitted on all subcarriers [KoM93, KoM96]. The latter approach implies

a repetition coding, reducing the data rate by a factor of Nc. The MC-DS-CDMA system

investigated in [KoM96] chooses a subcarrier spacing which is larger than the reciprocal of the

chip duration with the intention to increase the frequency diversity of the system. The system

considered in [KoM96] is primarily designed as a CDMA system overlaid onto existing narrow-

band systems. MC-DS-CDMA uses Nc coherent non-RAKE receivers for data detection and

was investigated for the quasi-synchronous and also for the asynchronous uplink.

MT-CDMA applies the same data mapping and spreading as MC-DS-CDMA. However, in con-

trast to MC-DS-CDMA, the subcarrier spacing is a factor of Nc smaller than the reciprocal

of the chip duration [Van93, Van95]. Thus, the Nc parallel converted data symbols before DS

spreading fulfill the orthogonality requirements [Van93, Van95]. The DS spreading per subcar-

rier violates the orthogonality requirements, hence, introducing ICI. However, tight subcarrier

spacing enables the use of spreading codes which are longer by a factor of approximately Nc

compared to the spreading codes of DS-CDMA, assuming the same total available bandwidth.

Therefore, the system may be able to supply more users than with DS-CDMA at the expense
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of ICI [HaP96]. Since each subchannel is affected by frequency selective fading in a multipath

channel, a RAKE receiver or more complex multi-user detectors can be applied per subchannel

as investigated in [Van93, Van95, Van97] and therein included references. MT-CDMA was

investigated for the asynchronous uplink.

A multitude of research activities was addressed to performance comparisons between MC-

CDMA, DS-CDMA, MC-DS-CDMA, and MT-CDMA [CBJ93, Kai95a, HLP95, Kai95b, FKS95,

HaP96, PrH96, JBP96b, Pra96]. The bit error rate (BER) Pb and the bandwidth efficiency

β of a mobile radio system with perfect channel estimation and without channel coding were

chosen as decision criterion. The bandwidth efficiency is defined as [Pra96]

β =
Ksys Rb

B
, (1.1)

where Ksys is the user capacity of the mobile radio system in a single cell, Rb is the bit rate

per user, and B is the total used bandwidth. The user capacity Ksys is the maximum possible

number of simultaneously active users at a certain signal-to-noise ratio (SNR) for which the

BER is less or equal to a predefined threshold. The bandwidth efficiency is a measure for

the maximum achievable bit rate at a given bandwidth of an isolated cell with the dimension

bit/s/Hz [Pra96]. The bandwidth efficiency has to be distinguished from the cellular spectrum

efficiency [BKN94, Ste96]. The cellular spectrum efficiency is a measure for the maximum

achievable bit rate at a given bandwidth per cell while maintaining a required service quality

within a cellular system and has the dimension bit/s/Hz/cell [BKN94, Ste96].

First comparisons were carried out between MC-CDMA and DS-CDMA with RAKE receiver,

applied in the downlink of a mobile radio system [Kai95a, HLP95, Kai95b, FKS95]. It was

demonstrated that MC-CDMA can outperform DS-CDMA with RAKE receiver significantly

with respect to the BER for a high number of active users and can achieve an about four times

higher bandwidth efficiency β. Advantageous for MC-CDMA is the application of orthogo-

nal spreading codes by guaranteeing optimal code synchronization in the receiver due to the

spreading code structure in the frequency domain. Furthermore, the absence of ISI enables

an efficient utilization of the total received energy for signal detection with low complexity.

Other performance comparisons for the downlink include MC-DS-CDMA and MT-CDMA and

confirm that only MC-CDMA, but not MC-DS-CDMA and MT-CDMA, can significantly out-

perform DS-CDMA with a RAKE receiver [HaP96, PrH96]. MC-DS-CDMA and MT-CDMA

systems provide results similar to those obtained with DS-CDMA. Moreover, a BER perfor-

mance comparison between MC-CDMA with JD and DS-CDMA with JD for the uplink shows

a slightly better performance with MC-CDMA [JBP96b].

Finally, a performance comparison of MC-CDMA with the recently proposed MC-FDMA and

MC-TDMA [ReR94, RoG96a, RoG96b, HaP96, Kai96] reveals in the uncoded and the coded

case of a downlink mobile radio system advantages for MC-CDMA [Kai96]. Since the per-

formance of MC-FDMA and MC-TDMA is used as a reference throughout the thesis, both

multiple access schemes will be briefly introduced.
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The combination of FDMA and TDMA, respectively, with MC modulation employing OFDM

is referred to as MC-FDMA and MC-TDMA, respectively, in the sequel. Other references

also use the names OFDM-FDMA and OFDM-TDMA. In an MC-FDMA system, the data

symbols for different users are transmitted on different subcarriers. One or several subcarriers

are exclusively allocated to a user for transmission [ReR94, HaP96, Kai96]. An advantage

of MC-FDMA compared to conventional FDMA is that with OFDM an optimal bandwidth

utilization of the available bandwidth is guaranteed without ICI. However, the performance

of an uncoded MC-FDMA system is poor in a mobile radio channel since the frequency non-

selectivity per subchannel causes dominant performance degradations if a subcarrier is located

in a deep fade. Channel coding is necessary for MC-FDMA systems to enable the exploitation

of diversity. In the case of MC-TDMA, the whole bandwidth is allocated to a single user for a

certain number of OFDM symbols [RoG96a, RoG96b, Kai96]. The complexity of conventional

TDMA systems is determined by the amount of ISI caused by the mobile radio channel. In

MC-TDMA systems, the long OFDM symbol duration drastically can reduce the amount of ISI

which can completely be avoided by the used of a guard interval. MC-TDMA needs channel

coding in the same way as MC-FDMA to enable the exploitation of diversity.

1.2.3 State of the Art in the Field of MC-CDMA

The employment of MC-CDMA for mobile multi-user communications has become an active

field of research since 1993. Up to now, the majority of publications in the field of MC-CDMA

was devoted to the investigation of data detection techniques suitable for mobile radio systems

in the downlink. Due to the novelty of the subject, investigations including the potential of

channel coding with code bit interleaving or the influence of non-perfect channel estimation

were scarcely carried out. This section gives an overview on the state of the art concerning the

topics data detection, channel coding, and channel estimation applied in MC-CDMA mobile

radio systems. Contributions to these topics made by the author of the thesis are not included

in this overview. These contributions will be presented in the Chapters 3 to 6.

Important contributions to the field of MC-CDMA data detection techniques are summarized

in Table 1.1 and can be classified as either single-user detection (SD) or multi-user detection

(MD). The conventional approach with SD detects the user signal of interest by not taking into

account any information about the multiple access interference (MAI). In MC-CDMA mobile

radio systems, SD is realized by one tap equalization to compensate for the distortion due to

flat fading on each subcarrier, followed by user specific despreading [Faz93, YLF93, CBJ93].

The one tap equalizer is simply one complex-valued multiplication per subcarrier. Under ideal

transmission conditions, SD performs optimally in MC-CDMA mobile radio systems, since

synchronous transmission with orthogonal spreading codes is applied. However, in non-ideal

channels with frequency selective fading due to multipath propagation, the orthogonality be-

tween the signals of the different users is lost and MAI occurs. A multitude of SD techniques

was proposed to combat the channel fading and, thus, the MAI, cf. Table 1.1. Basic SD tech-

niques investigated and evaluated for MC-CDMA mobile radio systems are equal gain combining
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Table 1.1: Contributions to the field of data detection for MC-CDMA mobile radio systems

classification references detection technique

SD [Faz93][YLF93] EGC

[Faz93][CBJ93] ZF equalization

[YLF93][DeK97] MRC

[CBJ93][YeL94b] MMSE equalization

[FBA94] RAKE in the frequency domain

[YeL94a][RoB96] controlled equalization

[NaS96] EGC, MRC, ZF equalization, and MMSE equalization

in the time domain

[NaF97] RAKE in the time domain

MD [Faz93][HLP95] IC

[KaP96b][MaO97a]

[StP97b]

[FaP93][Faz93] JD with MLSE

[JBP96b] JD with ZF equalization and MMSE equalization,

both with and without decision feedback

[TER97] JD with recurrent neural network structure

(EGC) [Faz93, YLF93], zero-forcing (ZF) equalization [Faz93, CBJ93], maximum ratio combin-

ing (MRC) [YLF93], and minimum mean square error (MMSE) equalization [CBJ93]. Further

SD techniques are classified in Table 1.1.

As long as the spreading code structure of the interfering signals is known, the MAI is not

noise-like, yielding SD to be suboptimal. The suboptimality of SD can be overcome with MD

where the a priori knowledge about the spreading codes of the interfering users is exploited

in the detection process [Kle96, Pro95]. The performance improvements with MD compared

to SD are achieved at the expense of higher receiver complexity. The methods of MD can be

divided into interference cancellation (IC) and JD [Kle96]. The principle of IC is to detect

the information of the interfering users with SD and to reconstruct the interfering contribution

in the received signal before subtracting, i.e, cancelling the interfering contribution from the

received signal and detecting the information of the desired user. The iterative application

of IC leads to a multistage detection scheme [VaA90]. IC can be carried out parallel for all

interfering users when the amount of interference from each user is similar, first investigated

for MC-CDMA mobile radio systems in [Faz93]. Another method of IC would be successive

IC where per iteration the contribution of the strongest interferer remaining after the previous

IC stage is cancelled. Successive IC is especially well suited in the case of users, interfering

with different signal strength. The optimal detector applies JD with maximum likelihood
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sequence estimation (MLSE) or maximum likelihood symbol-by-symbol estimation (MLSSE),

respectively [Pro95]. Since the complexity of MLSE and of MLSSE grows exponentially with

the number of users, their use is limited in practice to applications with a small number of users.

By applying a hybrid MC-CDMA system with an integrated FDMA structure on subcarrier

level, this requirement can be fulfilled and JD can be realizable in MC-CDMA mobile radio

systems with low complexity [FaP93]. Further JD techniques are classified in Table 1.1.

MC modulated systems with flat fading per subchannel require either the use of spread spec-

trum techniques or of channel coding to exploit diversity. Interleaving further improves the

diversity gain achievable with both approaches. MC systems with channel coding such as DAB

and DVB-T systems [AlL87, FKR95] and coded MC-FDMA and coded MC-TDMA mobile

radio systems [Kai96] yield promising results. Channel coding also considerably improves the

performance of MC-CDMA systems which already exploit diversity due to the spread spectrum

technique [FaP93, JBB97]. Binary convolutional codes were chosen as channel codes in the

MC-CDMA mobile radio systems [FaP93, StP97a]. Investigations of MC-CDMA mobile radio

systems with channel coding are summarized in Table 1.2. The combination of spreading and

Table 1.2: Contributions to the field of channel coding for MC-CDMA mobile radio systems

references coding technique & comments

[FaP93][MaO97a] convolutional coding

[StP97a][StP97b]

[JBB97]

[MaO96][StP97a] low rate orthogonal convolutional coding; used for spreading also

channel coding by applying a low-rate orthogonal convolutional code [Vit90] for both spreading

and coding in MC-CDMA systems [MaO96, StP97a] show that this approach achieves only a

low bandwidth efficiency [StP97a].

Coherent data detection as well as channel decoding exploiting reliability information require

knowledge about the channel and, thus, channel estimation. MC systems with OFDM allow

channel estimation by exploiting the correlation of the fading process in frequency and time. Pi-

lot symbol aided channel estimation realized by a two-dimensional filter or two one-dimensional

filters working sequentially [Höh91] is a promising concept for MC-CDMA receivers operating

in mobile radio environments [MBR96]. Various principles of channel estimation concepts pro-

posed for the down- and the uplink of MC-CDMA mobile radio systems are summarized in

Table 1.3.

Finally, the suitability of MC-CDMA systems was, for instance, investigated for cellular mobile

radio applications in [TCC97, JBB97] and for wireless local area networks in [CFR96, BCF96].

The overview of research activities in the field of data detection, channel coding, and channel

estimation for MC-CDMA mobile radio systems in Tables 1.1 to 1.3 reflects that a multitude of
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Table 1.3: Contributions to the field of channel estimation for MC-CDMA mobile radio systems

link references principle of channel estimation & comments

downlink [CFG95] reference OFDM symbols; indoor

[MRG95] pilot symbols with filtering in two dimensions

[ToK96c] least-squares algorithm with training symbols; indoor

uplink [CFG95] reference OFDM symbols; indoor

[Ste97a][Ste97b] pilot tones

[JBB97][BJP97] single-carrier modulated midamble

research activities were carried out in the last years. However, the overview also demonstrates

that, especially when looking at the beginning of the research for this thesis in 1994, many

problems where open and are still open, which form the motivation for this thesis presented in

the following section.

1.3 Goals of the Thesis

Proceeding from the state of the art and from emerging, still uncovered fields, the thesis has two

main objectives. The first objective is to find and optimize appropriate concepts for the single

components data detection, channel decoding, and channel estimation applied in MC-CDMA

mobile radio systems. The second objective is to analyze the performance of a complete MC-

CDMA mobile radio system in various mobile radio environments in the downlink. To reach

these objectives, in particular, the following goals are pursued:

• CDMA concepts with MC modulation known from literature shall be put together and

shall be classified. This has already been accomplished in Section 1.2.2.

• The MC-CDMA signal structure shall be mathematically described. By introducing

appropriate modifications, the flexibility of MC-CDMA mobile radio systems shall be

pointed out. Techniques for SD and MD applied in MC-CDMA mobile radio systems

shall be developed, evaluated, and as far as possible, analyzed theoretically. A com-

parative overview of the performance of novel and known SD and MD techniques for

MC-CDMA mobile radio systems shall be given.

• Table 1.2 shows that MC-CDMA mobile radio systems with channel coding and code

bit interleaving were rarely investigated. MC-CDMA systems have to be considered

with various channel coding schemes applying hard and soft decision decoding. Further-

more, recent developments in the field of iterative channel decoding have to be taken

into account. Since decoders based on the Viterbi algorithm should exploit log-likelihood

ratios (LLRs) as soft inputs with optimum reliability information, the LLRs for coded
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MC-CDMA systems with soft decision decoding applying SD as well as MD have to be

derived. The iterative concatenation of data detection and decoding for IC with relia-

bility information shall be investigated. The trade-off between coding and spreading in

MC-CDMA mobile radio systems shall be found.

• A powerful channel estimation concept is required for MC-CDMA systems to guarantee

efficient coherent data detection and soft decision channel decoding. Channel estimation

concepts with filtering in two dimensions shall be developed and analyzed generally for

MC modulated systems operating in mobile radio channels with fast time variation and

large time dispersion, typical for large cells.

• Future cellular mobile ratio systems have to operate in hierarchical cell structures with

cells of various size, adapted to the specific environment and requirement. Three typical

cell classifications can be distinguished, macro-, micro-, and picocells, where each class

has its characteristic signal propagation. To the best of the author’s knowledge, no

complete system analysis of a coded MC-CDMA mobile radio system with non-perfect

channel estimation for all three propagation scenarios typical for future cellular concepts

is available. An extensive system analysis of an MC-CDMA system in the downlink with

channel coding and non-perfect channel estimation shall be carried out for mobile radio

channels, typical for macro-, micro-, and picocell propagation scenarios. This analysis

shall prove the suitability of an MC-CDMA system as a potential candidate for future

mobile radio systems.

1.4 Contents and Important Results

The thesis consists of 7 chapters, where the contents of the Chapters 3 to 6 correspond to the

goals mentioned in Section 1.3.

The fundamentals of time variant multipath propagation, which characterize the demands on a

mobile radio system, are summarized in Chapter 2. After describing the mobile radio channel

and its statistical modelling, channel models typical for future cellular mobile radio systems

are classified for macro-, micro-, and picocells.

In Chapter 3, the MC-CDMA concept under investigation is presented. After an introduction

into MC modulation with OFDM, the MC-CDMA signal structure is explained and its flexibility

is pointed out by introducing the M -, the Q-, and the M&Q-Modification. A discrete-time

and -frequency MC-CDMA transmission model is mathematically described using the vector-

matrix notation. Low-complex SD techniques, a multistage detection technique with IC, where

the detection stages are adapted to the residual MAI, and the optimum JD with MLSSE

are developed and analyzed for MC-CDMA systems. Their performance is demonstrated and

compared to known SD and MD techniques based on Monte Carlo simulations. The principle

of MC-FDMA and MC-TDMA is briefly introduced and the performance of MC-CDMA, MC-

FDMA, and MC-TDMA systems is compared to each other. Finally, the equivalence between

MC-CDMA and DS-CDMA is pointed out in Chapter 3.
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The adaptation of channel coding with soft decision decoding and code bit interleaving to

MC-CDMA systems is treated in Chapter 4. Convolutional encoding with conventional and

different iterative decoding strategies employing the Viterbi algorithm are investigated. To

guarantee an optimum concatenation of data detection and soft decision channel decoding,

the optimum soft decided values which can be delivered to a Viterbi decoder, are derived

for MC-CDMA receivers with SD and with MD. Exploiting the optimum soft decided values,

an iterative detection and decoding scheme referred to as soft IC is introduced. With soft

IC, reliability information about the reconstructed interference is taken into account in the

iterative IC scheme, reducing error propagation. An important result is that IC based on soft

decided values from the channel decoder significantly outperforms JD with MLSSE followed

by soft decision channel decoding. In Chapter 4, also the suitability of the recently proposed

Turbo codes as channel codes for MC-CDMA systems is investigated. However, it is shown

that Turbo codes are only of limited use in MC-CDMA systems when considering speech

transmission applications. Iterative Turbo decoding outperforms simpler conventional Viterbi

decoding only when applying large Turbo code interleaver sizes, resulting in large delays which

are not permitted in speech transmission applications. The trade-off between spreading and

coding in MC-CDMA systems is determined and a bandwidth efficiency plan for MC-CDMA,

MC-FDMA, and MC-TDMA systems is presented. It can be concluded that the performance

of coded MC-CDMA systems with SD and MD, respectively, applying code rates R less than

2/3 improves with spreading codes of increasing length up to L equal to 8. A further increase

of the spreading code length results in no relevant performance gain.

In Chapter 5, a pilot symbol aided channel estimation for MC systems with filtering of the

fading process in time and frequency is analyzed and optimized. Model mismatch between the

correlation functions of the channel and those used for the filter design is taken into account in

the analysis. An appropriate arrangement of the pilot symbols in an OFDM frame based on the

two-dimensional sampling theorem is presented, where the redundancy due to pilot symbols is

less than 6%. It is shown that the performance of the presented low-complex channel estimation

with two one-dimensional FIR filters working sequentially closely approximates the performance

of a channel estimation with an optimum two-dimensional Wiener filter.

A complete MC-CDMA system is designed and analyzed in the downlink of a mobile radio

system in Chapter 6. The system evaluation takes into account channel coding, non-perfect

channel estimation, and propagation scenarios typical for macro, micro, and picocells. The

suitability of the developed MC-CDMA system for mobile radio environments with high Doppler

frequencies of 400Hz and with large time dispersion of 20 µs is demonstrated. Guaranteeing

a good transmission quality with a coded BER Pb equal to 10−3, the presented MC-CDMA

mobile radio system achieves the remarkable bandwidth efficiency of 0.81 bit/s/Hz at an SNR

per bit between 8 dB and 12 dB on the average.

Chapter 7 contains an abstract and a German summary of the thesis.
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Chapter 2

Mobile Radio Channel

2.1 Time-Variant Multipath Propagation

Splitting the service area of a mobile radio system into multiple geographically separated cells

enables the reuse of the same frequency band in different cells. Besides the frequency reuse

which considerably increases the number of simultaneously communicating users within the

service area, cell splitting reduces the required transmission power with decreasing cell size.

Within a cell, a BS serves a number of roaming MSs. The cells in mobile radio communications

vary substantially in size and shape and are, for instance, adapted to areas with low density

fast moving vehicular MSs and areas with high density low speed portable MSs. Three typical

cell classifications can be distinguished [COD95, FlL96]:

• Macrocells have a radius of 1 km to 35 km. The basic categories of macrocells are urban,

suburban, rural, and hilly environments. The BS antenna is elevated well above the local

terrain. Rarely a direct line of sight (LOS) path between the BS and the MS antennas

exists because of the natural and man-made objects that are in immediate vicinity of the

MS. Due to the large size of macrocells, they are suited for the support of MSs with high

velocities due to the lower handoff rate compared to smaller cells.

• Microcells typically have a radius of 20 m to 300 m and are found in urban areas

and city centers. The determining characteristic is that the BS antenna height is under

the mean level of the surrounding roof tops. In microcells, LOS is the situation often

found. Microcells with a radius up to 1 km have the BS antenna situated above the mean

surrounding roof tops. The velocity of the MSs is mainly the speed of pedestrians and

city traffic.

• Picocells have a radius up to 100 m and are typically applicable to indoor like environ-

ments. LOS between the BS and the MS antenna is mostly present if both antennas are

inside the same room. The velocity of the MSs in picocells is typically on the order of a

few km/h.

The link between a BS and an MS is given by the mobile radio channel. In the mobile ra-

dio channel, the transmitted signal suffers from three nearly independent effects which are

characterized as follows:
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• Multipath propagation occurs as a consequence of reflections, scattering, and diffrac-

tion of the transmitted electromagnetic wave at natural and man-made objects. Thus,

at the receiver antenna, a multitude of waves arrives from many different directions with

different delays, attenuations, and phases. The superposition of the waves results in am-

plitude and phase variations of the composite received wave. Due to the mobility of the

MS and moving objects in the mobile radio channel, changes in the phases and ampli-

tudes of the arriving waves occur, resulting in time-variant multipath propagation. Even

small movements on the order of the wavelength may result in a totally different wave

superposition. The varying signal strength due to time-variant multipath propagation is

referred to as fast fading.

• Shadowing is caused by obstruction of the transmitted waves by hills, buildings, walls,

etc., resulting in more or less strong attenuation of the signal strength. Compared to

fast fading, longer distances have to be covered to significantly change the shadowing

constellation. The varying signal strength due to shadowing is called slow fading and can

be described by a log-normal distribution [Par92].

• Path loss predicts how the mean signal power decays with distance from the BS. In free

space, the mean signal power decreases with the square of the distance from the BS. In

a mobile radio channel, where often no direct LOS path exists between the BS and the

MS antennas, the signal power typically decreases with a power higher than two and is

typically in the order of three to five [Rap96].

Variations of the received power due to shadowing and path loss can be counteracted by power

control and are not considered further in this thesis. In this section, the mobile radio channel is

described with respect to its fast fading characteristic. A statistical description of the multipath

channel is chosen [Bel63], since a deterministic description appears impossible in practice.

Throughout the thesis, all bandpass signals and channels are replaced by equivalent lowpass

signals and channels for mathematical convenience but with no loss of generality [Pro95, Rup93].

The lowpass representation is in general complex-valued. In the sequel, complex values are

marked by underlining. The symbol (.)∗ denotes the complex conjugation.

The mobile radio channel is given by the time-variant channel impulse response h
¯
(τ, t) or by the

time-variant channel transfer function H
¯

(f, t), which is the Fourier transform of h
¯
(τ, t). The

channel impulse response represents the response of the channel at time t due to an impulse

applied at time t − τ . The mobile radio channel is assumed as a wide-sense stationary (WSS)

random process, i.e., the channel has a fading statistic that remains constant over short periods

of time or small spatial distances. In environments with multipath propagation, the channel

impulse response is composed of a large number of scattered impulses received over Np different

paths,

h
¯
(τ, t) =

Np∑

p=1

ap e j(2πfD,p t + ϕp) δ(τ − τp), (2.1)
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where ap, fD,p, ϕp, and τp are the amplitude, the Doppler frequency, the phase, and the propa-

gation delay, respectively, associated with the pth path. The Doppler frequency

fD,p =
v fc

c
cos αp (2.2)

depends on the velocity v of the MS, the speed of light c, the carrier frequency fc, and the

angle of incidence αp of a wave assigned to the pth path.

The description of the correlation functions of the channel impulse response h
¯
(τ, t) is sufficient

to characterize the fast fading of the mobile radio channel [Bel63]. The autocorrelation function

of h
¯
(τ, t) is defined as

R
¯
(τ1, τ2, ∆t) =

1

2
E{h

¯
(τ1, t) h

¯
∗(τ2, t + ∆t)}. (2.3)

Under the presumption that the WSS random processes h
¯
(τ1, t) and h

¯
(τ2, t) are uncorrelated

for τ1 not equal to τ2, called uncorrelated scattering (US), the autocorrelation function (2.3)

simplifies to

R
¯
(τ1, τ2, ∆t) = ρ

¯
(τ1, ∆t) δ(τ1 − τ2), (2.4)

where ρ
¯
(τ, ∆t) is the delay cross-power spectral density [Bel63]. The mobile radio channel

characterized by (2.4) is referred to as WSSUS channel. The Fourier transform of ρ
¯
(τ, ∆t) in

∆t yields the scattering function [Bel63]

S(τ,fD) =

∞∫

−∞

ρ
¯
(τ, ∆t) e −j2πfD∆t d(∆t). (2.5)

The scattering function is real-valued and provides a measure of the average power output of

the channel as a function of the delay τ and the Doppler frequency fD.

By integrating the scattering function S(τ,fD) over the Doppler frequency fD, the delay power

density spectrum

ρ(τ) =

∞∫

−∞

S(τ,fD) dfD, (2.6)

is obtained, which is identical to the delay cross-power spectral density ρ
¯
(τ, ∆t) at ∆t equal to 0.

The delay power density spectrum gives the average power of the channel output as a function

of the delay τ and can be viewed as a scattering function averaged over all Doppler shifts. The

mean delay τ̄ , the delay spread στ , and the maximum delay τmax are characteristic parameters

of a multipath channel and can be determined from the delay power density spectrum. If the

duration Ts of the transmitted symbol is significantly larger than the maximum delay τmax,

the channel produces a negligible amount of ISI. This effect is exploited with MC transmission

where the duration per transmitted symbol increases with the number of subcarriers and, hence,

the amount of ISI decreases. Residual ISI can be eliminated by the use of a guard interval,

cf. Section 1.2.1. The time dispersive properties of multipath channels are most commonly
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quantified by their mean delay and the delay spread [Par92]. The mean delay is the first

moment of the delay power density spectrum resulting in

τ̄ =

∞∫

0
τ ρ(τ) dτ

∞∫

0
ρ(τ) dτ

. (2.7)

The normalization with
∞∫

0
ρ(τ) dτ is applied because ρ(τ) is not a probability density function.

The delays are measured relative to the first detectable path at the receiver. The delay spread

is the standard deviation of the delay power density spectrum and is given by

στ =

√
√
√
√
√
√
√
√

∞∫

0
(τ − τ̄)2 ρ(τ) dτ

∞∫

0
ρ(τ) dτ

. (2.8)

The coherence bandwidth (∆f)c of a mobile radio channel is the bandwidth over which the

signal propagation characteristics are correlated and is proportional to the reciprocal of the

delay spread στ . The coherence bandwidth can be defined as the bandwidth over which the

frequency correlation function is above 0.5 and, thus, can be approximated by [Rap96, Skl97a]

(∆f)c ≈
1

5 στ

. (2.9)

The frequency correlation function is the Fourier transform of the delay power density spectrum

ρ(τ), i.e.,

θ
¯
(∆f) =

∞∫

−∞

ρ(τ) e −j2πτ∆f dτ. (2.10)

The channel is said to be frequency selective if the signal bandwidth B is larger than the

coherence bandwidth (∆f)c. On the other hand, if B is smaller than (∆f)c, the channel is said

to be frequency non-selective or flat. The coherence bandwidth of the channel is of importance

for evaluating the performance of spreading and frequency interleaving techniques that try

to exploit the inherent frequency diversity Df of the mobile radio channel. In the case of

MC transmission, frequency diversity is exploited if the separation of subcarriers transmitting

the same information exceeds the coherence bandwidth. The maximum achievable frequency

diversity is approximated by the ratio between the signal bandwidth B and the coherence

bandwidth (∆f)c,

Df ≈
B

(∆f)c

, (2.11)

and, consequently, depends on the delay spread στ of the channel, cf. (2.9).

By integrating the scattering function S(τ,fD) over the delay τ , the Doppler power density

spectrum

SfD
(fD) =

∞∫

−∞

S(τ,fD) dτ (2.12)
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is obtained. The Doppler power density spectrum gives the average power of the channel

output as a function of the Doppler frequency fD and can be viewed as a scattering function

averaged over all delays. The frequency dispersive properties of multipath channels are most

commonly quantified by the maximum occurring Doppler frequency fDmax . If in the case of MC

transmission the subchannel spacing is significantly larger than the maximum Doppler frequency

fDmax , the channel produces a negligible amount of ICI. The coherence time of the channel (∆t)c

is the duration over which the channel characteristics can be considered as time-invariant and

is proportional to the reciprocal of the maximum Doppler frequency. The coherence time can

be defined as the time over which the time correlation function is above 0.5 and, thus, can be

approximated by [Ste94, Rap96]

(∆t)c ≈
9

16πfDmax

. (2.13)

The time correlation function is the inverse Fourier transform of the Doppler power density

spectrum SfD
(fD), i.e.,

θ
¯
(∆t) =

∞∫

−∞

SfD
(fD) e j2πfD∆t dfD. (2.14)

If the duration Ts of the transmitted symbol is larger than the coherence time (∆t)c, the channel

is said to be time selective. On the other hand, if Ts is smaller than (∆t)c, the channel is said

to be time non-selective. The coherence time of the channel is of importance for evaluating

the performance of coding and interleaving techniques that try to exploit the inherent time

diversity Dt of the mobile radio channel. Time diversity can be exploited if the separation

between successive time slots carrying the same information exceeds the coherence time. A

number of Ns successive time slots create a time frame of duration Tfr. The maximum time

diversity achievable in one time frame is approximated by the ratio between the duration Tfr

of a time frame and the coherence time (∆t)c,

Dt ≈
Tfr

(∆t)c

, (2.15)

which, consequently, depends on the maximum Doppler frequency fDmax of the channel,

cf. (2.13).

A system exploiting frequency and time diversity can achieve the overall diversity

D = Df · Dt. (2.16)

The system design should allow one to optimally exploit the available diversity D. For instance,

in systems with MC transmission the same information should be transmitted on different

subcarriers and in different time slots, achieving uncorrelated fading in both dimensions. In

MC systems, a time slot corresponds to an OFDM symbol. Further diversity schemes like space,

angle, or polarization diversity which are not within the scope of this thesis can additionally

increase the overall diversity and are described in [Jak74, Lee93, Rap96, Stü96]. It should be

noted that space diversity, also known as antenna diversity, is a popular form of diversity used

in wireless systems [BBS97].
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Several probability distributions can be considered in attempting to model the statistical char-

acteristics of the fading process. A simple and often used approach is obtained from the

assumption that there is a large number of scatterers in the channel that contribute to the

signal at the receiver. The application of the central limit theorem leads to a complex-valued

Gaussian process for the channel impulse response. In the absence of a LOS or a dominant

component, the process is zero-mean. The magnitude of the corresponding channel transfer

function

a(f, t) = |H
¯

(f, t)| (2.17)

is a random variable, for brevity denoted by a, with a Rayleigh distribution given by [Pro95]

p(a) =
2a

Ω
e−a2/Ω, a ≥ 0, (2.18)

where

Ω = E{|H
¯

(f, t)|2} (2.19)

is the average power. The phase is uniformly distributed in the interval [0, 2π[. This channel

is said to be a Rayleigh fading channel and best agrees with the propagation characteristic of

macrocells.

In the case that the multipath channel contains a LOS or dominant component in addition

to the randomly moving scatterers, the channel impulse response can no longer be modeled

as zero-mean. Under the assumption of a complex-valued Gaussian process for the channel

impulse response, the magnitude of the channel transfer function has a Rice distribution given

by [Pro95]

p(a) =
2a(KRice + 1)

Ω
e−KRice−a2(KRice+1)/Ω I0



2a

√

KRice(KRice + 1)

Ω



 , a ≥ 0. (2.20)

The Rice factor KRice is determined by the ratio of the power of the dominant path to the power

of the scattered paths at the receiver. The average power Ω is given according to (2.19) and

I0(.) is the zero-order modified Bessel function of first kind. The phase is uniformly distributed

in the interval [0, 2π[. This channel is said to be a Ricean fading channel and best agrees with

the propagation characteristic of micro- and picocells.

An alternative, more empirical approach to statistically model the magnitude |H
¯

(f, t)| distri-

bution of the channel transfer function, by providing a closer match to some experimental data

than either the Rayleigh or Rice distribution, is given by the Nakagami-m distribution, intro-

duced by Nakagami in the early 1940’s [Nak60]. The Nakagami-m distribution describes the

magnitude |H
¯

(f, t)| distribution by a central chi-square distribution with m, not necessarily

integer, degrees of freedom and is defined as [Nak60, Stü96]

p(a) =
2a2m−1

Γ(m)

(
m

Ω

)m

e−ma2/Ω, a ≥ 0, (2.21)

where

m =
Ω2

E{(a2 − Ω)2} , m ≥ 1

2
. (2.22)
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The average power Ω over all paths is given according to (2.19) and Γ(.) is the Gamma function.

The parameter m is related to the fading strength and can be used to model fading conditions

that are more or less severe than those modelled according to the Rayleigh distribution. In

the case of a dominant path, the Nakagami-m distribution can closely approximate the Rice

distribution by using the following relations between the Rice factor KRice and the Nakagami

parameter m [Nak60, Stü96],

KRice =

√
m2 − m

m −
√

m2 − m
, m ≥ 1, (2.23)

and

m =
(KRice + 1)2

(2KRice + 1)
. (2.24)

A statistical description of the fading process based on the Nakagami-m distribution often leads

to closed analytical expressions, while the Rice distribution due to the Bessel function does not.

If m and, thus, KRice approach infinity, the Nakagami-m distribution and the Rice distribution

become an impulse, corresponding to an ideal channel. If m is equal to 1 and, thus, KRice is equal

to 0, the Nakagami-m distribution and the Rice distribution become a Rayleigh distribution.

If m is in the interval [1/2, 1[, the fading conditions become more severe than Rayleigh fading

and the distribution reduces for m equal to 1/2 to a one-sided Gaussian distribution. Thus, the

Nakagami-m distribution is the most flexible of the three presented distributions. Moreover, the

simple algebraic form of m and Ω allows a straightforward extraction of these parameters from

measured data [BrD91], as applied for the definition of macro-, micro-, and picocell propagation

models in the CODIT study [COD95]. The channel models defined in the CODIT study are

described in the following section.

2.2 Channel Models for Macro-, Micro-, and Picocells

2.2.1 CODIT and COST 207 Channel Models

The investigations of the MC-CDMA mobile radio system proposed in this thesis should be

carried out on a basis which takes into account the requirements of future mobile radio systems.

Thus, different channel models typical for macro-, micro-, and picocells are required. The

channel models of two different studies are chosen for the investigations in this thesis. Namely,

the propagation models of the CODIT study [COD95, FlL96], defined for macro-, micro-, and

picocell scenarios, and the propagation models of the COST 207 study [COS89, FlL96], defined

for macrocell scenarios only. Throughout the thesis, these two types of channel models are

referred to as CODIT channel models and COST 207 channel models. The use of both types of

channel models for the investigations should, besides the evaluation of the MC-CDMA system,

enable a comparison between the CODIT and the COST 207 channel models. Furthermore,

performance comparisons with other mobile radio systems which take into account any of these
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channel models should be enabled. In the following, the different philosophies behind the

CODIT and the COST 207 channel models are pointed out and the implementation of the

channel models of both studies is described.

The philosophy of modelling the mobile radio channel with the CODIT and COST 207 approach

is related to the physical description of the channel and is based on the implementation of a

discrete multipath scenario. This type of channel modelling enables the reconstruction of a

scattering function S(τ,fD) obtained from measured mobile radio channels. The channel impulse

response corresponds to (2.1), where the Np discrete paths may differ in the amplitudes, Doppler

frequencies, phases, and propagation delays. The assigned channel transfer function becomes

H
¯

(f, t) =
Np∑

p=1

ap e j(2πfD,p t + ϕp) e −j2πfτp (2.25)

and is chosen for the implementation of the CODIT and COST 207 channel models in this

thesis, since channels with MC transmission can be simulated computationally efficiently in the

frequency domain. Preconditions for the frequency domain implementation are the absence of

ISI and ICI, the frequency non-selective fading per subcarrier, and the time-invariance during

one OFDM symbol. The investigated MC-CDMA mobile radio systems are designed to fulfill

these preconditions. Thus, a discrete representation of the channel transfer function is enabled

according to

H
¯ n,i = H

¯
(nFs, iT

′
s) =

Np∑

p=1

ap e j(2πfD,p iT ′
s + ϕp) e −j2πnFsτp , (2.26)

where H
¯

(f, t) is sampled in time at OFDM symbol rate 1/T ′
s and in frequency at subcarrier

spacing Fs. The OFDM symbol duration T ′
s includes the guard interval duration. The basic

differences between the CODIT channel models and the COST 207 channel models originate

in the defined amplitude, Doppler frequency, and propagation delay distributions.

The CODIT channel models describe the fading characteristics of the various propagation

environments by the parameters of the Nakagami-m distribution. Every environment is defined

in terms of a number of scatterers which can take on values up to 20. The number of scatterers

is equal to the number of paths Np. Each scatterer p, p = 1, . . . , Np, is characterized by a path

delay τp, an angle of incidence αp, a Nakagami parameter mp, and an average power Ωp. The

approach of the CODIT channel models is based on a wave interference problem and assumes

that the signal strength produced by one scatterer is caused by the sum of a sufficiently large

number of waves, superimposed at the receiver. Each scatterer is composed of a number of Nw

waves which is equal to 100, and, if existent, of one dominant component. The spatial scatterer

model used in the CODIT channel models is illustrated in Fig. 2.1. The spatial scatterer

model is applied for macro-, micro-, and picocell scenarios. The propagation delay τp and the

average power Ωp of the pth scatterer are taken from a uniform distribution within the interval

[τp,min, τp,max] and [Ωp,min, Ωp,max], respectively, independently for each scatterer. The channel is
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pth scattererαp

v

MSBS

LOS path

Figure 2.1: Spatial scatterer model used in the CODIT channel models

power normalized, so that

Ω =
Np∑

p=1

Ωp = 1. (2.27)

The Nakagami parameter mp of each scatterer p, p = 1, . . . , Np, is explicitly indicated, except

for one channel model where an interval of a uniform distribution is defined. In the sequel,

the joint index p, w indicates a variable assigned to the wth wave of the pth scatterer, with

p = 1, . . . , Np and w = 1, . . . , Nw. The index p, 0 indicates a variable assigned to the, if existent,

dominant component of the pth path. The wave amplitudes ap,w, p = 1, . . . , Np, w = 1, . . . , Nw,

are obtained from a zero-mean Gaussian distribution with variance

σ2
ap,w

=
Ωp

Nw

(

1 −
√

1 − 1

mp

)

, p = 1, . . . , Np, w = 1, . . . , Nw. (2.28)

If a dominant component exists, its amplitude ap,0 is given by

ap,0 =

√
√
√
√Ωp

√

1 − 1

mp

, p = 1, . . . , Np. (2.29)

The Doppler power density spectrum is defined by the spatial scatterer distribution and the

mobile velocity according to (2.2). The angle of incidence αp per scatterer is taken from a

uniform distribution within the interval [αp,min, αp,max] or is predefined by the location of other

scatterers assuming correlation between these scatterers. Correlation between the angles of

incidence is given in propagation scenarios like in streets or corridors where the signal propaga-

tion is concentrated in a certain direction. Thus, the Np angles of incidence of the scatterers are

not necessarily uniformly distributed within the whole interval [0, 2π[. However, if an isotropic

distribution of the scatterers is chosen, a classical Doppler power density spectrum according to

Clarke is obtained [Par92]. The angle of incidence of the, if existent, dominant component αp,0

is equal to αp and the angles of the waves αp,w, w = 1, . . . , Nw, are obtained from a Gaussian

distribution with standard deviation of 0.15 radians and mean αp. Each wave has a phase ϕp,w,
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Table 2.1: CODIT channel model parameters; each scatterer is composed of Nw = 100 waves

and, if existent, one dominant component; the angle of incidence per wave is taken from a

Gaussian distribution with mean αp and standard deviation of 0.15 radians; values between

brackets [a, b] mean that the value is taken from a uniform distribution within a and b

cell environment Np p Ω′
p mp αp τp

type in µs

macro suburban (SU) 6 1 1 15 [0, 2π] 0

2-6 [0.1,0.4] [1,5] [0, 2π] [0.1,15]

urban (U) 20 1-20 [0.5,1.5] 1 [0, 2π] [0,2]

rural (R) 1 1 1 25 [0, 2π] 0

micro urban 1 (Mic1) 20 1 1 3 [0, 2π] 0

2-20 [0.1,0.4] 1 [0, 2π] [0,1]

urban 2 (Mic2) 20 1-20 [0.5,1.5] 1 [0, 2π] [0,1]

pico indoor 1 (Pic1) 12 1 1 8 α0 ∈ [0, 2π] 0

2-7 [0.03,0.5] 4 α0 ± [0, π/3] [0.01,0.05]

8-12 [0.001,0.03] 1 [0, 2π] [0.025,0.125]

indoor 2 (Pic2) 20 1 1 3 [0, 2π] 0

2-10 [0.1,1] 2 [0, 2π] [0.01,0.1]

11-20 [0.001,0.1] 1 [0, 2π] [0.1,0.5]

w = 0, . . . , Nw, chosen randomly within the interval [0, 2π[, so that the superposition of the

waves corresponds to a random phase interference situation.

The channel transfer function implemented by the CODIT channel models can be written as

H
¯ n,i =

Np∑

p=1

(

ap,0 e j(2π vfc
c

iT ′
s cos(αp,0) + ϕp,0) +

Nw∑

w=1

ap,w e j(2π vfc
c

iT ′
s cos(αp,w) + ϕp,w)

)

e −j2πnFsτp . (2.30)

Table 2.1 shows the basic macro-, micro-, and picocell environments defined in the CODIT

study and used for the investigations in this thesis. Further propagation scenarios for specific

micro- and picocell scenarios are given in [COD95]. It has to be mentioned that the power of

the scatterers Ω′
p defined in Table 2.1 is not normalized according to (2.27). Therefore, the

power of each scatterer has to be normalized by

Ωp =
Ω′

p

Np∑

p=1
Ω′

p

, p = 1, . . . , Np. (2.31)

Exemplary, a scattering function S(τ,fD) typical for the urban environment defined in the

CODIT study is plotted in Fig. 2.2. Each impulse train of the scattering function represents
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the contribution of one scatterer of the total of 20 scatterers and consists of 100 waves, where

the angles of incidence of the waves are Gaussian distributed around the mean αp of the

assigned scatterer. The angles of incidence of the scatterers in the urban environment are

uniformly distributed in the interval [0, 2π[, resulting in a classical Doppler power density

spectrum according to Clarke [Par92].

0
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1.5

2 -1

-0.5
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1

Figure 2.2: Scattering function of the urban environment defined in the CODIT study

S(τ,fD)
max(S(τ,fD))

t in µs fD

fDmax

The COST 207 channel models basically determine the various propagation scenarios by

continuous, exponentially decreasing delay power density spectra ρ(τ). Every environment can

be modeled by a number of Np discrete paths, where each path has the same amplitude and

is specified by its propagation delay τp [Sch89]. Each propagation delay is chosen according to

the probability density function of τ within the given interval [τp,min, τp,max]. The probability

density function of τ is proportional to the delay power density spectrum ρ(τ) [Höh92]. The

average power Ωp per path is chosen to be 1/Np, normalizing the power of the channel according

to (2.27). The Np paths are modelled with isotropic scattering, i.e., the angles of incidence αp

are taken from a uniform distribution in the interval [0, 2π[. Hence, a classical Doppler power

density spectrum according to Clarke is obtained [Par92]. Each path has a phase ϕp uniformly

distributed over the interval [0, 2π[.

The channel transfer function implemented by the COST 207 channel models can be written

as

H
¯ n,i =

1
√

Np

Np∑

p=1

e j(2π vfc
c

iT ′
s cos(αp) + ϕp) e −j2πnFsτp . (2.32)
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Table 2.2: COST 207 channel model parameters; the power per path is normalized to

Ωp = 1/Np; the angles of incidence αp are taken from a uniform distribution in the interval

[0, 2π[; the propagation delays τp are chosen within the given interval [τp,min, τp,max] propor-

tional to the assigned delay power density function ρ(τ)

cell environment Np p Ωp mp αp τp ρ(τ)

type in µs

macro hilly terrain (HT) 100 1-74 0.01 1 [0, 2π] [0,2] ∝ e −3.5τp/µs

75-100 0.01 1 [0, 2π] [15,20] ∝ 0.1 e 15−τp/µs

bad urban (BU) 100 1-68 0.01 1 [0, 2π] [0,5] ∝ e −τp/µs

69-100 0.01 1 [0, 2π] [5,10] ∝ 0.5 e 5−τp/µs

typical urban (TU) 100 1-100 0.01 1 [0, 2π] [0,7] ∝ e −τp/µs

rural area (RA) 100 1-100 0.01 1 [0, 2π] [0,0.7] ∝ e −9.2τp/µs

Table 2.2 shows the macrocell environments defined in the COST 207 study, which are used

for the investigations within this thesis. As mentioned before, the propagation environments

defined within the COST 207 study are only valid for macrocell environments, and are not

suitable for investigations with smaller cells, typical for future cellular systems.

When comparing the CODIT and the COST 207 channel models, the following statements can

be made:

• The CODIT channel models are more flexible compared to the COST 207 channel models

due to higher degrees of freedom given by the definition of the parameters Ωp,mp, αp, and

τp individually for each path p, p = 1, . . . , Np. This enables one to implement a scattering

function S(τ,fD) of a mobile radio channel which well approximates a measured scattering

function.

• Compared to the COST 207 channel models, only the CODIT channel models define

propagation scenarios for micro- and picocells which are especially of interest for the

analysis of future mobile radio systems.

• Higher implementation efforts and simulation times have to be taken into account when

using the CODIT channel models as opposed to the simple COST 207 channel models.

This is the price to pay for increased flexibility and modelling accuracy.

• The COST 207 channel models are more popular than the CODIT channel models and,

thus, more often enable comparisons to existing systems evaluated with the popular

COST 207 channel models.
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Generally, the CODIT channel models seems to be of higher relevance for investigations related

closely to the propagation situations in real life and are of main interest in the MC-CDMA

mobile radio system evaluation presented in Chapter 6. However, since the COST 207 channel

models are more popular than the CODIT channel models, performance results of the MC-

CDMA system with the COST 207 channel models are included also in Chapter 6. In the

sequel, the propagation scenarios are referred to by the abbreviations given in brackets in

Tables 2.1 and 2.2.

A comparison between the different CODIT and COST 207 channel models with respect to

the mean delay, the delay spread, and the coherence bandwidth is presented in Table 2.3. The

Table 2.3: Characteristic values for the CODIT and COST 207 channel models

channel model cell type environment τ̄ στ (∆f)c

in µs in µs in kHz

CODIT macro suburban (SU) 4.17 4.70 42.6

urban (U) 1.00 0.58 344.8

rural (R) 0 0 ∞
micro urban 1 (Mic1) 0.39 0.32 625.0

urban 2 (Mic2) 0.50 0.29 689.7

pico indoor 1 (Pic1) 0.02 0.02 10000.0

indoor 2 (Pic2) 0.06 0.07 2857.1

COST 207 macro hilly terrain (HT) 4.36 6.90 29.0

bad urban (BU) 2.62 2.52 79.4

typical urban (TU) 0.99 0.98 204.1

rural area (RA) 0.11 0.11 1818.2

coherence bandwidth (∆f)c is obtained according to (2.9). The achievable frequency diversity

Df can be approximated with (2.11). It has to be mentioned that the COST 207 channel

model HT offers less frequency diversity as obtained with (2.11), since the delay power density

spectrum is non-zero only on a fraction of the interval [0, τmax]. Hence, the achievable frequency

diversity is approximately reduced by the ratio of the time over which the delay power density

spectrum is non-zero to the maximum delay.

The time variability of mobile radio channels depends on the velocity v of the MSs. Each

cell type has its typically occurring velocities of the MSs. Table 2.4 gives an overview on the

velocities of the MS used in this thesis for the different cell types. Additionally, the Doppler

frequency occurring at a carrier frequency of fc equal to 1.8 GHz and the assigned coherence

time according to (2.13) is given.
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Table 2.4: Velocities of the MS, chosen for the different cell types; a choice is indicated by the

symbol X

v fDmax in Hz (∆t)c in ms cell type

in km/h fc = 1.8 GHz fc = 1.8 GHz macro micro pico

3 5.0 35.8 X X X

30 50.0 3.6 X X -

150 250.0 0.7 X - -

250 416.7 0.4 X - -

2.2.2 Uncorrelated Fading Channel Model for Multi-Carrier Sys-

tems

The main disadvantage of channel models which are based on the implementation of a discrete

multipath scenarios like the CODIT or COST 207 channel models are in general the high

simulation times, because for each data symbol the contribution of each of the Np paths must

be calculated. When simulating broadband MC systems, this disadvantage can be overcome

by fulfilling the following conditions:

• The MC system is provided with a frequency interleaver which guarantees that neighbour-

ing symbols in the data stream fade independently, i.e., the interleaving depth exceeds

the coherence bandwidth.

• An appropriate time interleaver, e.g., code bit interleaver, ensures that the fading in

adjacent OFDM symbols can be modelled as independent.

• Frequency non-selective fading per subcarrier and time-invariance during one OFDM

symbol have to be guaranteed, i.e., the subchannel bandwidth has to be smaller than the

coherence bandwidth (∆f)c and the symbol duration has to be smaller than the coherence

time (∆t)c.

• The absence of ISI and ICI has to be guaranteed by the use of a guard interval equal to

or longer than the maximum delay of the channel τmax.

These conditions enable one to model the fading channel computationally efficiently in the

frequency domain. A symbol transmitted on the nth subchannel of the ith OFDM symbol is

multiplied by a fading amplitude an,i chosen from a distribution p(a) according to the considered

cell type, cf. Section 2.1, and a random phase ϕn,i, uniformly distributed over the interval [0, 2π[.

The resulting complex-valued channel fading coefficient

H
¯ n,i = an,i e jϕn,i (2.33)
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is thus generated independently for each subcarrier and OFDM symbol. For a propagation sce-

nario in a macrocell without LOS, the fading amplitude is generated by a Rayleigh distribution

and the channel model is referred to as an uncorrelated Rayleigh fading channel. Analogously,

for smaller cells where often a dominant propagation component occurs, the fading amplitude

is chosen from a Rice distribution or Nakagami-m distribution. The advantages of the un-

correlated fading channel model are the simple implementation, which can be observed when

comparing (2.33) with (2.32) and (2.30), the computationally efficient system simulation, and

the simple reproduction of the simulation results. These advantages are the reason for the often

use of the uncorrelated fading channel models for the evaluation of MC modulated systems in

multipath channels.

For the evaluation of MC-CDMA data detection techniques presented in Chapter 3 and the

channel encoding and decoding strategies investigated in Chapter 4, the uncorrelated Rayleigh

fading channel model is used with the intention of presenting the results as reference curves

for further investigations. For the design of a channel estimation with filtering in time and

frequency direction in Chapter 5 and its application in the complete MC-CDMA system evalu-

ation in Chapter 6, the CODIT and COST 207 channel models are used, since correlated fading

in time and frequency is required. Furthermore, the performance degradation due to a finite

interleaver size can be shown with correlated fading.

Samsung Exhibit 1012, Page 111 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



31

Chapter 3

Multiple Access Scheme MC-CDMA

3.1 Multi-Carrier Communications

3.1.1 Orthogonal Frequency Division Multiplexing

The principle of MC modulation is to map a serial high rate source stream onto multiple

parallel low rate substreams and to modulate each substream on another subcarrier. Since

the symbol rate on each subcarrier is much less than the serial source symbol rate, the effects

of delay spread significantly decrease, reducing the complexity of the equalizer. OFDM is

a low-complex technique to bandwidth-efficiently modulate multiple subcarriers by using the

digital signal processing as introduced in Section 1.2.1. In the sequel, MC modulation based on

OFDM is described and forms the basis for the introduction of the MC-CDMA signal structure

in Section 3.2. One of the main design goals for an MC transmission scheme based on OFDM

in a mobile radio channel is that the channel can be considered as time-invariant during one

OFDM symbol and that the fading per subcarrier can be considered as flat. Thus, the OFDM

symbol duration should be smaller than the coherence time (∆t)c of the channel, cf. (2.13), and

the subcarrier spacing should be smaller than the coherence bandwidth (∆f)c of the channel,

cf. (2.9). By fulfilling these conditions, the realization of low-complex receivers is possible.

A communication system with MC modulation transmits a sequence {S
¯n} consisting of Nc

complex-valued source symbols S
¯n, n = 1, . . . , Nc, in parallel on Nc subcarriers. Throughout

the thesis, variables which can be interpreted as values in the frequency domain like the source

symbols S
¯n, n = 1, . . . , Nc, each modulating another subcarrier frequency, are written with

capital letters. The source symbols may, for instance, be obtained after source and channel

coding, interleaving, and symbol mapping. For brevity, but without loss of generality, the

transmission of a single but arbitrary sequence {S
¯n} is considered in this chapter, so that no

additional time index is required. The isolated consideration of {S
¯n} is valid since ISI and ICI

can be avoided with OFDM.

The MC modulator maps a sequence {S
¯n} of Nc serial source symbols of rate 1/T onto Nc

parallel substreams, cf. Fig. 1.3. The source symbol rate per substream reduces to

1

Ts

=
1

Nc T
. (3.1)
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According to OFDM, the Nc substreams are modulated on subcarriers with a spacing of

Fs =
1

Ts

(3.2)

to achieve orthogonality between the signals on the Nc subcarriers, presuming a rectangular

pulse shaping. The Nc parallel modulated source symbols S
¯n, n = 1, . . . , Nc, are referred to as

an OFDM symbol of duration Ts. The complex envelope of an OFDM symbol with rectangular

pulse shaping has the form

x
¯
(t) =

1√
Nc

Nc∑

n=1

S
¯n rect

(
t

Ts

− 1

2

)

e j2πfnt. (3.3)

In (3.3), the factor 1/
√

Nc normalizes the energy. The Nc subcarrier frequencies are located at

fn =
n − 1

Ts

, n = 1, . . . , Nc, (3.4)

where the center of the frequency spectrum is located at (Nc − 1)/(2Ts). This definition of fn,

n = 1, . . . , Nc, facilitates a simple mathematical modelling. The carrier frequency fc determin-

ing the location of the signal in the bandpass domain is neglected in (3.4), since the equivalent

lowpass domain is considered. The energy density spectrum |X
¯

(f)|2 of an OFDM symbol is

the sum of the energy density spectra of Nc independently modulated subcarriers and results

in

|X
¯

(f)|2 =
1

Nc

Nc∑

n=1

∣
∣
∣
∣
∣
S
¯n Ts

sin (π(f − fn)Ts)

π(f − fn)Ts

∣
∣
∣
∣
∣

2

. (3.5)

The normalized energy density spectrum of an OFDM symbol with Nc equal to 16 subcarriers

versus the normalized frequency fT is depicted as a solid curve in Fig. 3.1. The OFDM spectrum

is shown for the case where the symbols S
¯n, n = 1, . . . , Nc, are transmitted with equal energy.

The dotted curve illustrates the energy density spectrum of the first modulated subcarrier f1

and indicates the construction of the overall energy density spectrum as the sum of Nc, each

by 1/Ts shifted, individual energy density spectra. For large values of Nc, the energy density

spectrum becomes more flat in the normalized frequency range of fT ∈ [−0.5, 0.5] containing

the subcarriers. Only subcarriers near the band edges contribute to the out-of-band power.

Therefore, as Nc becomes large, the energy density spectrum approaches that of single carrier

modulation with ideal Nyquist filtering. As a reference, the normalized energy density spectrum

of binary phase shift keying (BPSK) [Pro95] is plotted as a dashed curve.

A key advantage of using OFDM is that the MC modulation can be implemented in the discrete

domain by using an IDFT, or a more computationally efficient IFFT [WeE71]. When sampling

the complex envelope x
¯
(t) of an OFDM symbol at time instances t equal to (ν − 1) Ts/Nc,

ν = 1, . . . , Nc, the samples are

x
¯ν =

1√
Nc

Nc∑

n=1

S
¯n e j2π(n−1)(ν−1)/Nc , ν = 1, . . . , Nc, (3.6)

and the sampling rate is Nc/Ts. The important result is that the sampled sequence {x
¯ν},

ν = 1, . . . , Nc, is the IDFT of the source symbol sequence {S
¯n}, n = 1, . . . , Nc. The block
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Figure 3.1: Normalized energy density spectrum versus normalized frequency fT of an OFDM

symbol with Nc = 16 subcarriers, of the first subcarrier, and of BPSK

diagram of an MC modulator employing OFDM based on an IDFT and MC demodulator

employing inverse OFDM based on a DFT is illustrated in Fig. 3.2.

When the number of subcarriers increases, the OFDM symbol duration Ts becomes large com-

pared to the duration of the impulse response τmax of the channel and the amount of ISI reduces.

However, to completely avoid the effect of ISI and, thus, to maintain the orthogonality between

the signals on the Nc subcarriers, i.e., also to avoid ICI, a guard interval of duration

Tg ≥ τmax (3.7)

has to be inserted between adjacent OFDM symbols [AlL87, Bin90, Pro95]. The guard interval

is a cyclic prefix added to each OFDM symbol which is obtained by extending the duration of

an OFDM symbol to

T ′
s = Tg + Ts. (3.8)

The discrete length of the guard interval has to be

Lg ≥
⌈
τmaxNc

Ts

⌉

(3.9)

samples to prevent ISI. The sampled sequence {x
¯ν} with cyclic extended guard interval results

in

x
¯ν =

1√
Nc

Nc∑

n=1

S
¯n e j2π(n−1)(ν−1)/Nc , ν = 1 − Lg, . . . , Nc. (3.10)
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Figure 3.2: MC transmission system with OFDM

In practice, the sampled sequence {x
¯ν}, ν = 1 − Lg, . . . , Nc, is passed through a digital-to-

analog converter whose output ideally would be the signal waveform x
¯
(t) given in (3.3) with

increased duration T ′
s .

The output of the channel is the signal waveform y
¯
(t) obtained from convolution of x

¯
(t) with

the channel impulse response h
¯
(τ, t) and addition of a noise signal n

¯
(t), i.e.,

y
¯
(t) =

τmax∫

0

x
¯
(t − τ) h

¯
(τ, t) dτ + n

¯
(t). (3.11)

The noise signal n
¯
(t) contains the inherent disturbances of the transmission system, which are,

motivated by the central limit theorem, modelled as additive white Gaussian noise (AWGN).

The received signal y
¯
(t) is passed through an analog-to-digital converter, whose output sequence

{y
¯ν
}, ν = 1 − Lg, . . . , Nc, is the received signal y

¯
(t) sampled at rate Nc/Ts. Since ISI is only

present in the first Lg samples of the received sequence, these Lg samples are removed before

MC demodulation. The ISI-free part ν = 1, . . . , Nc of {y
¯ν
} is MC demodulated by inverse

OFDM exploiting a DFT. The output of the DFT is the MC demodulated sequence {R
¯ n},

n = 1, . . . , Nc, consisting of Nc complex-valued symbols

R
¯ n =

1√
Nc

Nc∑

ν=1

y
¯ν

e −j2π(n−1)(ν−1)/Nc , n = 1, . . . , Nc. (3.12)

Since ICI can be avoided due to the guard interval, each subchannel can be considered sep-

arately. When, furthermore, assuming that the fading on each subchannel is flat and ISI is
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removed, a received symbol R
¯ n is obtained from the frequency domain representation accord-

ing to

R
¯ n = H

¯ nS¯n + N
¯ n, n = 1, . . . , Nc, (3.13)

where H
¯ n is the flat fading factor of the nth subcarrier and N

¯ n represents the AWGN of the

nth subcarrier. The flat fading factor H
¯ n is the sample of the channel transfer function H

¯ n,i ac-

cording to (2.26) at the nth subcarrier. The time index i is omitted for simplicity, as mentioned

at the beginning of this section. The real and the imaginary parts of the noise components

N
¯ n, n = 1, . . . , Nc, are assumed to be statistically independent, Gaussian distributed random

variables with zero-mean and equal variance. The variance of the noise is given by

σ2 = E{|N
¯ n|2}, n = 1, . . . , Nc. (3.14)

With the assumptions made in (3.13), the MC transmission system shown in Fig. 3.2 can be

viewed as a discrete-time and -frequency transmission system with a set of Nc parallel Gaussian

channels with different complex-valued attenuations according to Fig. 3.3.

serial-

to-

parallel

converter

parallel-

to-

serial

converter

{S }n {R }n

S 1

S 2

S Nc

H 1

H 2

H Nc

N 1

N 2

N Nc

R 1

R 2

R Nc

. .
 .

. .
 .

. .
 .

. .
 .

Figure 3.3: Simplified MC transmission system based on OFDM

The time/frequency representation of an OFDM symbol used in this thesis is shown in

Fig. 3.4 a). A block of subsequent OFDM symbols, where the information transmitted within

this OFDM symbols belongs together, e.g., due to coding and/or spreading in time and fre-

quency direction, is referred to as an OFDM frame. An OFDM frame consisting of Ns OFDM

symbols with frame duration

Tfr = Ns T ′
s (3.15)

is illustrated in Fig. 3.4 b). The time/frequency representation in Fig. 3.4 is obtained from

the three-dimensional time/frequency/power density representation introduced in Section 1.2

by omitting the dimension of the power density.

In order to concisely describe OFDM and later on MC-CDMA, a matrix-vector notation is

introduced. Vectors are represented by boldface small letters and matrices by boldface capital
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Figure 3.4: Time/frequency representation of an OFDM symbol and an OFDM frame

letters. The symbol (.)T denotes the transposition of a vector or a matrix. The sequence {S
¯n},

n = 1, . . . , Nc, of Nc source symbols transmitted in one OFDM symbol is represented by the

vector

s
¯

= (S
¯1, S¯2, . . . , S¯Nc

)T (3.16)

and the assigned received sequence {R
¯ n}, n = 1, . . . , Nc, obtained after inverse OFDM is given

by the vector

r
¯

= (R
¯ 1, R¯ 2, . . . , R¯Nc

)T. (3.17)

With these notations, the received vector r
¯

is obtained from

r
¯

= H
¯

s
¯

+ n
¯
, (3.18)

where the Nc × Nc channel matrix

H
¯

=











H
¯ 1 0 · · · 0

0 H
¯ 2 0

...
. . .

...

0 0 · · · H
¯ Nc











(3.19)

is of diagonal type due to the absence of ICI. The diagonal components of H
¯

are the complex-

valued flat fading coefficients H
¯ n, n = 1, . . . , Nc. The vector

n
¯

= (N
¯ 1, N¯ 2, . . . , N¯ Nc

)T (3.20)

represents the AWGN on the Nc subcarriers. Furthermore, the sequence {x
¯ν},

ν = 1 − Lg, . . . , Nc, of an OFDM symbol including the guard interval at the output of the

MC modulator is given by the vector

x
¯

= (x
¯1−Lg

, x
¯2−Lg

, . . . , x
¯Nc

)T (3.21)
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and is the IDFT of the vector s
¯
, cf. (3.10). The received sequence {y

¯ν
}, ν = 1 − Lg, . . . , Nc, at

the input of the MC demodulator including the guard interval is represented by the vector

y
¯

= (y
¯1−Lg

, y
¯2−Lg

, . . . , y
¯Nc

)T. (3.22)

The vector r
¯

given by (3.18) is the DFT of the vector y
¯

without guard interval, cf. (3.12).

The motivation for the use of OFDM in mobile radio applications is the possibility of realizing

bandwidth-efficient systems with simple receivers. The necessary equalization in multipath

channels can simply be realized by one complex-valued multiplication per subcarrier, treated in

detail in Section 3.3. However, the following effects which may more or less degrade the system

performance have to be taken into account when applying OFDM:

• The energy of a transmitted OFDM symbol increases due to the cyclically extended guard

interval. The loss in energy in dB due to the guard interval is

Vguard = 10 log10

(
Tg

Ts

+ 1
)

. (3.23)

Even if the guard interval is in the order of 20% of the total OFDM symbol duration

T ′
s , the loss Vguard is less than 1 dB. In this case, the loss in data rate due to the guard

interval is 20%. However, single carrier systems have a similar loss in data rate due to

pulse shaping with filter roll-offs of finite steepness. Thus, with respect to the ICI- and

ISI-free data detection, the guard interval seems to be a good investment [ViF95, OrM97].

• An accurate frequency and time synchronization is required in MC systems [ClM94,

PoM95, Rob97]. The investigation of synchronization errors in MC-CDMA mobile ra-

dio systems is not part of this work and the reader is referred to [ToK96a, ToK96b].

Time and frequency synchronization are assumed to be perfect within this thesis.

• The effect of phase noise caused by the imperfections of the transmitter and receiver

oscillators substantially influence the system performance [RoK95, SSR95]. The influence

of phase noise on the performance of MC-CDMA mobile radio systems is investigated in

[ToK96a, StM97] and is not in the scope of this thesis.

• An OFDM symbol x
¯
(t) is the sum of many independently modulated sinewaves and its

envelope has an almost Gaussian distribution. This yields high peak-to-average power ra-

tios and high demands on linear amplifiers. Nonlinearities in the amplifiers may cause ICI

and if the amplifiers are not adapted with proper output backoff, the clipping distortion

may cause severe performance degradations [SSR95, BCF96]. Possible counter-measures

are predistortion of the transmitted signal with a complementary nonlinearity [Bin90]

or, when considering MC-CDMA systems, an approach is to design spreading codes re-

sulting in reduced dynamic ranges [AuF96]. Within this thesis, the amplifiers in the

MC-CDMA mobile radio system are assumed to be linear and adapted with appropriate

output backoff.
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3.1.2 Principle of MC-FDMA, MC-TDMA, and MC-CDMA

The advantages of combining the multiple access schemes FDMA, TDMA, and DS-CDMA

with MC modulation were discussed in Section 1.2.2. The principle of the arising MC-FDMA,

MC-TDMA, and MC-CDMA schemes is depicted in Fig. 3.5 a), b), and c), respectively, for the

case of two active users. In the case of MC-FDMA, one or several subcarriers are exclusively

su
bc

ar
ri

er
s

OFDM symbols

a)     MC-FDMA b)     MC-TDMA c)     MC-CDMA

su
bc

ar
ri

er
s

OFDM symbols

su
bc

ar
ri

er
s

OFDM symbols

subcarrier used by user 1

subcarrier used by user 2

Figure 3.5: Multiple access schemes based on MC modulation; two active users

allocated to a user for transmission. In the case of MC-TDMA, the whole transmission band-

width is exclusively allocated to a single user for a certain number of OFDM symbols. Thus,

MC-FDMA and MC-TDMA can completely avoid MAI, ISI, and ICI. Assuming that adjacent

source symbols are affected by fading independently to each other due to perfect interleaving,

the performance of MC-FDMA and MC-TDMA systems or any hybrid combination of both is

similar [Kai96]. With MC-CDMA different users share the same frequency band, i.e., the same

subcarriers, at the same time. Hence, an MC-CDMA system has to cope with MAI and, thus,

may perform quite differently from MC-FDMA and MC-TDMA systems. The performance of

an uncoded and coded MC-FDMA and MC-TDMA system, respectively, with perfect inter-

leaving is chosen as reference for the evaluation of the presented MC-CDMA system. In the

next section the signal structure of MC-CDMA is introduced in detail.

3.2 MC-CDMA Signal Structure

The fundamentals of data symbol spreading with MC-CDMA introduced in Section 1.2.2 are

pointed out in the three-dimensional time/frequency/power density representation of Fig. 1.4.

The essential difference of data symbol spreading with MC-CDMA and data symbol spreading
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with DS-CDMA is visualized in the comparison of Figs. 1.2 and 1.4. DS-CDMA signals are

characterized by their multiple repetition of each data symbol due to the multiplication with

the high rate spreading code in the time domain, where, in contrast, MC-CDMA signals are

characterized by their multiple repetition of each data symbol due to the multiplication with a

high rate spreading code in the frequency domain. Moreover, a DS-CDMA signal is typically

designed to transmit the data modulated chips of a spreading code on adjacent time slots,

whereas, an MC-CDMA signal transmits the data modulated chips of a spreading code on not

necessarily neighbouring subcarriers, increasing the flexibility of the system. In this section, the

MC-CDMA signal structure is described and the flexibility due to the spreading code structure

in the frequency domain is pointed out. The number of simultaneously active users in the

MC-CDMA mobile radio system is K. Values and functions related to the kth user, where k

may take on the values 1, . . . , K, are marked by an index (k). All statements for values and

functions with the index (k) are valid for each k, k = 1, . . . , K.

The generation of an MC spread spectrum signal is illustrated in Fig. 3.6 and is applicable

on the transmitter side in both the up- and the down-link. The serial concatenation of DS

spreader
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Figure 3.6: MC spread spectrum signal generation

spreading, cf. Fig. 1.2, and MC modulation, cf. Fig. 1.3, is shown, however, the equivalent

realization illustrated in Fig. 1.4 is also applicable. The transmission of a complex-valued data

symbol d
¯

(k) of the kth user is shown in Fig. 3.6. The data symbol d
¯

(k) to be transmitted over

the radio channel is taken from the complex data symbol alphabet

V
¯ d =

{

v
¯d,1, v¯d,2, . . . , v¯d,Md

}

(3.24)

of size Md. The data symbol d
¯

(k) is obtained after symbol mapping, where log2(Md) data bits

are mapped into a complex-valued data symbol d
¯

(k) [Pro95]. The data symbol rate is 1/Td.

For brevity, but without loss of generality, the MC-CDMA signal generation is described for a

single data symbol per user as far as possible, by omitting an otherwise necessary data symbol

index. In the transmitter, the data symbol d
¯

(k) is multiplied and, thus, marked with the user

specific spreading code

c
¯

(k) = (C
¯

(k)
1 , C

¯
(k)
2 , . . . , C

¯
(k)
L )T (3.25)

of the kth user. The chips C
¯

(k)
l , l = 1, . . . , L, are taken from the complex chip alphabet

V
¯ c =

{

v
¯c,1, v¯c,2, . . . , v¯c,Ms

}

(3.26)
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of size Ms, where Ms is not necessarily equal to Md. The chip rate of the serial spreading code

c
¯

(k) before serial-to-parallel conversion is

1

Tc

=
L

Td

(3.27)

and is L times higher than the data symbol rate 1/Td. The complex-valued sequence obtained

from the multiplication of a data symbol d
¯

(k) ∈ V
¯ d, cf. (3.24), with the assigned spreading code

c
¯

(k) is given by the vector

s
¯

(k) = d
¯

(k)c
¯

(k) = (S
¯

(k)
1 , S

¯
(k)
2 , . . . , S

¯
(k)
L )T. (3.28)

The rate of the components S
¯

(k)
l , l = 1, . . . , L, before serial-to-parallel conversion is 1/Tc. It

should be noted that the transmission of s
¯

(k) with single-carrier modulation conforms with

the principle of DS spread spectrum according to Fig. 1.2. An MC-CDMA signal is obtained

after modulating the components S
¯

(k)
l , l = 1, . . . , L, in parallel onto L subcarriers according to

(3.10) [FaP93, YLF93, CBJ93]. Thus, each data symbol d
¯

(k) is spread over L subcarriers. The

duration of an MC modulated component S
¯

(k)
l , l = 1, . . . , L, is equal to the OFDM symbol

duration, which, including the guard interval, is

T ′
s = Tg + NcTc. (3.29)

The transmission of one data symbol per user per OFDM symbol requires

Nc = L (3.30)

subcarriers. In this case, the OFDM symbol duration including the guard interval is

T ′
s = Tg + Td. (3.31)

An MC-CDMA system designed for the transmission of one data symbol per user per OFDM

symbol is referred to as a basic MC-CDMA system in the following. When applying orthogonal

spreading codes c
¯

(k) like Walsh-Hadamard codes, the maximum number of active users Kmax

in the basic MC-CDMA system corresponds to the spreading code length L, i.e.,

Kmax = L. (3.32)

With fully loaded basic MC-CDMA system according to (3.32) and taking into account that

Kmax is upper bounded by the receiver complexity, the number of subcarriers Nc is also upper

bounded by Kmax, cf. (3.32) and (3.30). To support large numbers of users while having

a low receiver complexity and, furthermore, to use MC-CDMA systems with a sufficiently

large number of subcarriers to guarantee flat fading per subchannel, modifications of the basic

MC-CDMA system are necessary [FaP93, Faz93]. In the following, appropriate modifications

of the basic MC-CDMA system are introduced and explained for the downlink of a mobile

radio system. The downlink is chosen, since this scenario enables a better illustration of the

modifications than the uplink. It has to be mentioned that this modifications are also suitable

in the uplink of an MC-CDMA mobile radio system.
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Figure 3.7: Basic MC-CDMA transmitter for the downlink; BS with Kmax = L active users

and Nc = L subcarriers

Generally, when considering the downlink of an MC-CDMA system, it is computationally ef-

ficient to add the signals of the K users in the transmitter before serial-to-parallel conversion,

as depicted in Fig. 3.7 for a basic MC-CDMA transmitter. Thus, OFDM has to be carried out

only once per OFDM symbol for all users. The case with the maximum number of active users,

i.e., with a fully loaded system, is shown with the intention to straightforwardly derive the

MC-CDMA system modifications. The data symbol and, thus, chip synchronous superposition

of the Kmax vectors s
¯

(k), k = 1, . . . , Kmax, yields the vector

s
¯

=
Kmax∑

k=1

s
¯

(k) = (S
¯1, S¯2, . . . , S¯L)T. (3.33)

The three MC-CDMA system modifications presented in the following are in this thesis referred

to as M -Modification, Q-Modification, and M&Q-Modification. The M -Modification and the

Q-Modification are introduced as basic components of the M&Q-Modification. An MC-CDMA

system with M&Q-Modification correspond to the MC-CDMA system concept considered in

[FaP93, Faz93]. Since the M -Modification and the Q-Modification are independent from each

other, they can be applied individually also.

M -Modification: The intention of the M -Modification is to increase the number of subcarriers

while maintaining constant the spreading code length and the maximum number of active users.

Consequently, the OFDM symbol duration increases and the loss in bandwidth efficiency due to

the guard interval decreases. Moreover, the tighter subcarrier spacing enables one to guarantee

flat fading per subchannel in propagation scenarios with decreased coherence bandwidth. With

the M -Modification, each user transmits simultaneously M greater than 1 data symbols per

OFDM symbol. The total number of subcarriers of the modified MC-CDMA system is

Nc = ML. (3.34)

Each user exploits the total of Nc subcarriers for data transmission. The OFDM symbol

duration including the guard interval increases to

T ′
s = Tg + MLTc, (3.35)

where it can be observed that the loss in bandwidth efficiency due to the guard interval de-

creases with increasing M . The maximum number of active users is still defined according to
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Figure 3.8: M -Modification: MC-CDMA transmitter with simultaneous transmission of M

data symbols per user and OFDM symbol; BS with Kmax = L active users and Nc = ML

subcarriers

(3.32). The assigned MC-CDMA transmitter is shown in Fig. 3.8. The data symbol index

m, m = 1, . . . ,M , is introduced in Fig. 3.8 to distinguish the M simultaneously transmitted

data symbols d
¯

(k)
m , m = 1, . . . ,M , of the kth user. The number M is upper limited by the

coherence time (∆t)c of the channel, cf. (2.13), since the symbol duration T ′
s , which increases

with increasing M , has to be smaller than (∆t)c to guarantee that the channel is time-invariant

during one OFDM symbol duration.

To optimally exploit frequency diversity, the components of the sequences s
¯m, m = 1, . . . ,M ,

transmitted in the same OFDM symbol are interleaved over the frequency. Subcarriers used

for the transmission of s
¯m should have a spacing greater than the coherence bandwidth of the

channel. Thus, the components of one sequence s
¯m are affected independently, reducing the

probability that s
¯m is completely located in a deep fade. The interleaving is carried out prior

to OFDM. The frequency interleaver can be a block interleaver which guarantees the maximum

frequency separation between the components of s
¯m. However, due to a possible periodicity

of the fading process in frequency, the block interleaver can fail if the periodicity is similar

to the frequency separation between adjacent components. This effect can be reduced if a

pseudo-random frequency interleaver is used.

Q-Modification: The intention of the Q-Modification is to reduce the receiver complexity by

reducing the spreading code length per user, while maintaining constant the maximum number

of active users and the number of subcarriers. The complexity of an MC-CDMA receiver with

SD increases with increasing spreading code length L. In the case of MD, the complexity of

an MC-CDMA receiver increases with both increasing spreading code length L and increasing

number of active users K. If, for instance, JD with MLSE should be applied in the receiver,

Samsung Exhibit 1012, Page 123 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



43

{

{

user group 1

user group Q

fr
eq

ue
nc

y 
in

te
rl

ea
ve

r

.  .  .

.  .  .
L

L

1

1 1

Nc

spreader

O
FD

M

co
nv

er
te

r

d (1)

c(1)

. . .

s

x

se
ri

al
-t

o-
pa

ra
lle

l

+

spreaderd (L)

c(L)

. . .

spreader

co
nv

er
te

r

d
c(1)

. . .

s

se
ri

al
-t

o-
pa

ra
lle

l

+

spreaderd (K     )

c(L)

. . .

max

(K      -L+1)max

1

Q

.  .  .

Figure 3.9: Q-Modification: MC-CDMA transmitter with Q independent user groups; BS with

Kmax = QL active users and Nc = QL subcarriers

the number of simultaneously active users is limited to K less than 10 due to computational

complexity [Pro95]. To keep the complexity of the receiver to an acceptable level by nevertheless

allowing large numbers of active users, the basic MC-CDMA transmitter has to be modified as

depicted in Fig. 3.9. The users are subdivided in Q independent user groups, where each user

group q, q = 1, . . . , Q, exploits its own L subcarriers within its subsystem. The Q-Modification

introduces an additional FDMA component on subcarrier level in the transmission scheme,

resulting in a hybrid MC-CDMA mobile radio system. A single subsystem is comparable to

the basic MC-CDMA transmitter illustrated in Fig. 3.7. The number of active users in the qth

subsystem is Kq and the maximum number of active users in the qth subsystem is

Kq,max = L (3.36)

The total number of simultaneously active users in the MC-CDMA system is

K =
Q
∑

q=1

Kq, (3.37)

and the maximum number of active users results in

Kmax =
Q
∑

q=1

Kq,max = QL. (3.38)

While maintaining the maximum number of supplied users constant, the required spreading

code length decreases proportional to Q. This enables a significant reduction of the receiver

complexity, since in the receiver, only the data symbols of the assigned subsystem have to be

detected. The number of subcarriers of the modified scheme is

Nc = QL, (3.39)
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where each user only exploits a subset of L subcarriers for data transmission due to the FDMA

component introduced by the Q-Modification. To nevertheless optimally exploit the frequency

diversity of the channel, the components of the spread sequences s
¯q, q = 1, . . . , Q, are interleaved

over the frequency, comparable to the frequency interleaving applied with the M -Modification.

The OFDM symbol duration including the guard interval is

T ′
s = Tg + QLTc. (3.40)

It has to be mentioned that only one set of L orthogonal spreading codes of length L is required

within the whole MC-CDMA system. This set of spreading codes is used in each subsystem,

cf. Fig. 3.9.

M&Q-Modification: The M&Q-Modification is a combination of the M - and the Q-

Modification, resulting in an MC-CDMA system with adjustable number of subcarriers and

receiver complexity, keeping constant the maximum number of active users. The transmission

of M data symbols per user and, additionally, the splitting of the users in Q independent user

groups according to the M&Q-Modification is illustrated in Fig. 3.10. The total number of

subcarriers used by the MC-CDMA system with M&Q-Modification is

Nc = QML, (3.41)

where each user only exploits a subset of ML subcarriers for data transmission due to the

FDMA component introduced by the Q-Modification. The maximum number of active users

is given by (3.38). The total OFDM symbol duration including the guard interval results with

the M&Q-Modification in

T ′
s = Tg + QMLTc. (3.42)

A frequency interleaver scrambles the information of all subsystems prior OFDM to guarantee

an optimum exploitation of the frequency diversity offered by the mobile radio channel.

As mentioned before, the Q-, the M -, and the M&Q-Modifications are also suitable for the

uplink of an MC-CDMA mobile radio system. For the Q- and M&Q-Modification in the uplink

only the inputs of the frequency interleaver of the user group of interest are connected in the

transmitter, all other inputs are set to zero.

Finally, it has to be noted that an MC-CDMA system with its basic implementation or with any

of the three modifications presented in this section supports an additional TDMA component

in the up- and in the downlink, since the transmission is synchronized on OFDM symbols

[KaH97a]. The additional flexibility due to a TDMA component in an MC-CDMA system is

exploited in the system design presented in Chapter 6.
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Figure 3.10: M&Q-Modification: MC-CDMA transmitter with Q independent user groups and

simultaneous transmission of M data symbols per user and OFDM symbol; BS with Kmax = QL

active users and Nc = QML subcarriers
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3.3 MC-CDMA Data Detection Techniques

3.3.1 Introduction

The MC-CDMA signal structure introduced in the previous section enables the realization of

powerful receivers with low complexity due to the avoidance of ISI and ICI in the detection

process. This advantage can be exploited in the up- and in the downlink of a mobile radio

system. However, especially in the downlink, the requirements with respect to weight, size,

and cost and, therefore, to low complexity while still guaranteeing high bandwidth and power

efficiency are more severe for the mobile receiver than for the BS. In the BS more complex

receivers are tolerable. This thesis mainly focuses on the high demands on the mobile receiver

in the downlink and presents in this section data detection techniques especially designed for

the downlink. An appropriate uplink concept employing MC modulation in combination with

the spread spectrum technique is presented and investigated in Appendix B.

The data detection considered in the sequel includes all components such as equalizer, quantizer,

etc., which are necessary to get a hard or a soft decided value about the transmitted data

symbol. The investigated combining techniques MRC and EGC, which combine the received

signal components but not try to equalize the received signal, are also part of the data detection.

The data detection techniques analyzed in this section are suitable for MC-CDMA mobile

radio systems with any of the modifications presented in the previous section. Since the data

detection between the different subsystems is independent from each other and since due to

frequency interleaving the performance in all subsystems is similar, it is sufficient to focus on

the data detection in one arbitrary subsystem. The mobile MC-CDMA receiver with SD or

MD, respectively, for the data of the kth user transmitted in one subsystem is depicted in

Fig. 3.11.
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Figure 3.11: MC-CDMA receiver with data detection of the kth user in one subsystem

The relation between the number of subcarriers Nc and the spreading code length L depends on

whether the basic MC-CDMA system, cf. (3.30), or a modified MC-CDMA system, cf. (3.34),

(3.39), and (3.41), respectively, is considered.

In the following, the data symbol and user group indices m, m = 1, . . . ,M , and q, q = 1, . . . , Q,

respectively, are omitted for brevity. Only the notation of the number of users in a subsystem
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Kq and Kq,max, respectively, is further used with the purpose of emphasizing that the total

number of users K and Kmax, respectively, of the whole MC-CDMA system is in general much

higher than Kq and Kq,max, respectively. Moreover, equations defined with the variable Kq

instead of K are valid for systems with and without Q-Modification.

The received sequence given by the vector y
¯
, cf. (3.22), yields in the basic MC-CDMA receiver

after inverse OFDM the vector r
¯

defined according to (3.18). If either the M -, the Q-, or

the M&Q-Modification is used, an additional frequency deinterleaver is applied after inverse

OFDM. At the output of the frequency deinterleaver the vector

r
¯

= H
¯

s
¯

+ n
¯

= (R
¯ 1, R¯ 2, . . . , R¯L)T, (3.43)

assigned to one MC-CDMA subsystem, is obtained. The transmitted vector s
¯
, the received

vector r
¯
, the channel matrix H

¯
, and the noise vector n

¯
correspond to (3.16), (3.17), (3.19), and

(3.20), respectively, except for the subcarrier index n, n = 1, . . . , Nc, which is exchanged by the

spreading code index l, l = 1, . . . , L, since in a modified MC-CDMA system s
¯

is transmitted

only on a subset of the Nc subcarriers. The components of the channel matrix H
¯

and of the

noise vector n
¯

in (3.43) represent the fading and noise, respectively, of the subcarriers where

s
¯

was transmitted on. Hence, if frequency interleaving is applied, it is taken into account in

(3.43). The vector r
¯

is processed in the data detector. The purpose of data detection is to

get an estimate of the transmitted data symbol d
¯

(k) of the kth user. The estimate obtained

after data detection can be a soft decided value or a hard decided value. This section evaluates

SD and MD techniques in an uncoded MC-CDMA system and focuses on hard decided values.

In Chapter 4, the optimum soft decided value of d
¯

(k) is derived for MC-CDMA systems with

channel coding exploiting soft decision decoding.

With SD or MD applying IC, a hard decided value d̂
¯

(k)
for the transmitted data symbol d

¯
(k) of

the kth user is obtained at the output of the data detector.

With MD applying JD, additionally the data symbol vector

d
¯

= (d
¯

(1), d
¯

(2), . . . , d
¯

(Kq))T (3.44)

is introduced, representing the data symbols of the Kq users, simultaneously transmitted per

OFDM symbol in one subsystem. Furthermore, the L × Kq spreading code matrix containing

the spreading codes of the Kq users is defined as

C
¯

=
(

c
¯

(1) c
¯

(2) . . . c
¯

(Kq)
)

=











C
¯

(1)
1 C

¯
(2)
1 · · · C

¯
(Kq)
1

C
¯

(1)
2 C

¯
(2)
2 C

¯
(Kq)
2

...
. . .

...

C
¯

(1)
L C

¯
(2)
L · · · C

¯
(Kq)
L











, (3.45)

where in the case of orthogonal spreading codes, Kq is equal to or less than L. The transmission

vector s
¯

defined in (3.33) can be rewritten as

s
¯

= C
¯

d
¯

= (S
¯1, S¯2, . . . , S¯L)T. (3.46)
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The Kq hard decided values obtained with JD in one detection step are given by the vector

d̂
¯

= (d̂
¯

(1)
, d̂
¯

(2)
, . . . , d̂

¯

(Kq)
)T. (3.47)

The average SNR per subcarrier at the input of the receiver is defined as

γc =
E{|H

¯ l S¯ l|2}
σ2

, (3.48)

where H
¯ l represents the sample of the channel transfer function H

¯ n,i according to (2.26) at the

subcarrier where S
¯ l was transmitted on. The time index i is omitted for brevity, as mentioned

in Section 3.1.1. In the case of frequency interleaving, the index l and the index n are related

by the interleaving function. In the basic MC-CDMA system without frequency interleaving,

l is equal to n. Moreover, σ2 is the variance of the noise according to (3.14). When assuming

that the channel is power normalized, i.e.,

E{|H
¯ l|2} = 1, (3.49)

and H
¯ l is statistically independent of S

¯ l for all l, the average SNR per subcarrier results in

γc =
E{|S

¯ l|2}
σ2

∣
∣
∣
∣
∣
E{|H

¯
l|

2}=1

. (3.50)

In this thesis, it is assumed that in the downlink the data symbols of all users have the same

average energy or, correspondingly, have the same second moment E{|d
¯

(k)|2} per user. Hence,

the SNR per data symbol γs is related to the SNR per subcarrier γc by

γs =
Lγc

Kq

=
E{|d

¯
(k)|2}

σ2

∣
∣
∣
∣
∣
E{|H

¯
l|

2}=1

. (3.51)

The average SNR per subcarrier γc is the Lth fraction of γs due to the spreading of d
¯

(k) over L

subcarriers, multiplied with Kq since the signals of Kq users superpose. The average SNR per

source bit γb is related to the average SNR per data symbol γs by

γb =
γs

R log2 Md

, (3.52)

where R is the channel code rate. The channel code rate R is defined as the ratio

R =
La

Lb

, (3.53)

where La is the number of source bits and Lb is the number of resulting code bits at the output

of the channel encoder. In the uncoded case R is equal to 1.

Information about the SNR at the input of the receiver is required for some detection techniques,

for the computation of log-likelihood ratios when applying soft decision decoding, and for

channel estimation. The SNR can be estimated with the pilot symbols transmitted for channel

estimation and synchronization and by transmitting a null-symbol [FKR95], i.e., an OFDM

symbol without signal energy, for instance at the beginning of each OFDM frame. In this

thesis, the knowledge about the SNR in the receiver is assumed to be perfect.
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3.3.2 Single-User Detection

The approach with SD detects the user signal of interest by not taking into account any in-

formation about the MAI. A scheme with SD of the data symbols of the kth user is shown in

Fig. 3.12. After inverse OFDM and frequency deinterleaving, the received sequence r
¯
, cf. (3.43),

r d (k)^
equalizer despreader

quantizer
c(k)G

u v(k)

*

Figure 3.12: SD scheme

is equalized by employing a bank of adaptive one tap equalizers to combat the phase and ampli-

tude distortions caused by the mobile radio channel on the subcarriers. The one tap equalizer

is simply realized by one complex-valued multiplication per subcarrier. The term equalizer is

generalized in the following, since the processing of the received vector r
¯

according to typical

diversity combining techniques is also investigated with the SD scheme shown in Fig. 3.12. The

received sequence at the output of the equalizer has the form

u
¯

= G
¯

r
¯

= (U
¯ 1, U¯ 2, . . . , U¯ L)T. (3.54)

The diagonal equalizer matrix

G
¯

=











G
¯ 1 0 · · · 0

0 G
¯ 2 0

...
. . .

...

0 0 · · · G
¯ L











(3.55)

of dimension L × L represents the L complex-valued equalizer coefficients of the subcarriers

where s
¯

was transmitted on. The complex-valued output u
¯

of the equalizer is despread by

correlating it with the conjugate complex user specific spreading code c
¯

(k)∗ , cf. (3.25). The

complex-valued soft decided value at the output of the despreader is

v
¯

(k) = c
¯

(k)∗ u
¯

T. (3.56)

The hard decided value d̂
¯

(k)
of the detected data symbol is given by

d̂
¯

(k)
= Q{v

¯
(k)}. (3.57)

The quantization operation Q{.} assigns to each soft decided value v
¯

(k) an element of the data

symbol alphabet V
¯ d, cf. (3.24).

With the assumptions made in (3.13), the uncoded MC-CDMA system with SD can be repre-

sented according to Fig. 3.13. In the case of the basic MC-CDMA implementation, the number
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Figure 3.13: Simplified MC-CDMA system

of subcarriers Nc is equal to the spreading code length L in Fig. 3.13. If any of the modifications

presented in Section 3.2 is used, only an MC-CDMA subsystem is shown in Fig. 3.13, and the

total number of subcarriers Nc is greater than the spreading code length L. In the following,

different strategies of selecting the equalizer coefficients G
¯ l, l = 1, . . . , L, are presented, where

all statements for values and functions with the index l are valid for each l, l = 1, . . . , L.

Maximum Ratio Combining (MRC): MRC is the optimum diversity combining technique

with respect to the BER, if multiple replicas of the same information bearing signal, received

over different diversity branches, are available at the receiver [Pro95, Stü96]. With MRC,

the diversity branches are weighted by their respective conjugate complex channel coefficients,

leading to

G
¯ l = H

¯
∗
l . (3.58)

The variance σ2 of the noise per branch is assumed to be the same, cf. (3.14). MRC is only

conditionally applicable as an MC-CDMA detection technique. The L components of s
¯

(k)

simultaneously transmitted on the L subcarriers contain the information of the same data

symbol. However, each component of s
¯

(k) is weighted with the assigned chip of the spreading

code before transmission, to achieve orthogonality between the sequences s
¯

(k), k = 1, . . . , Kq,

which are simultaneously transmitted on the same subcarriers. This orthogonality is lost in the

mobile radio channel by affecting the assigned subcarriers with different channel coefficients H
¯ l,

l = 1, . . . , L. Therefore, by applying MRC according to (3.58), the orthogonality between the

spreading codes c
¯

(k), k = 1, . . . , Kq, is further destroyed. Thus, MRC applied as MC-CDMA

detection technique results in enhanced MAI. However, in the uplink where the user signals do

not superimpose in an orthogonal fashion in a multipath channel, MRC is the most promising

SD technique for MC-CDMA systems [YLF93].

In the single user case, MRC provides the best performance, since, due to the absence of MAI,

the optimal diversity combining scenario is given. Thus, the BER with MRC for Kq equal to

1 is identical to the matched filter (MF) bound, which is the lower bound of the BER Pb of
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any data detector [Pro95]. Based on this fact, it is shown in Section 3.3.3 that MRC may be of

interest for the second and subsequent stages in a multistage detector based on IC, where after

the first IC stage most of the MAI should be cancelled.

Equal Gain Combining (EGC): EGC is a diversity combining technique which, in contrast

to MRC, weights all diversity branches, i.e. used subcarriers, with unit amplitude [Stü96]. With

EGC, each branch is corrected in its phase by choosing

G
¯ l =

H
¯

∗
l

|H
¯ l|

. (3.59)

The MAI enhancement caused by (3.58) can be avoided with EGC.

Zero-Forcing (ZF) Equalization: ZF equalization, also known as orthogonality restoring

combining (ORC) or channel inversion, can completely eliminate the MAI by restoring the

orthogonality between the user specific spreading codes with an equalization coefficient chosen

as

G
¯ l =

1

H
¯ l

, (3.60)

corresponding to the inverse of the assigned channel coefficient [Pro95]. The drawback of ZF

equalization is that for small amplitudes of H
¯ l the equalizer enhances the noise N

¯ l in such a

way that the SNR γc may go to zero on some subcarriers.

Minimum Mean Square Error (MMSE) Equalization: Equalization according to the

MMSE criterion minimizes the mean square value of the error

ε
¯l = S

¯ l − G
¯ l R¯ l (3.61)

between the transmitted signal and the output of the equalizer. The mean square error

Jl = E{|ε
¯l|2} (3.62)

can be minimized by applying the orthogonality principle [Pap91, PrM96], stating that the

mean square error Jl is minimum if the equalizer coefficient G
¯ l is selected such that the error

ε
¯l is orthogonal to the received signal R

¯
∗
l , i.e.,

E{ε
¯l R¯

∗
l } = 0. (3.63)

With (3.48), (3.61), and (3.63), the equalization coefficients based on the MMSE criterion result

in

G
¯ l =

H
¯

∗
l

|H
¯ l|2 + 1/γc

. (3.64)

The computation of the MMSE equalization coefficients requires an estimation of the actual

SNR per subcarrier γc, cf. Section 3.3.1. For γc → ∞, the MMSE equalizer is identical to the

ZF equalizer.
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Suboptimal MMSE Equalization: To overcome the additional complexity due to the es-

timation of γc with MMSE equalization, a low-complex suboptimal MMSE equalization can

be realized [Kai95b]. With suboptimal MMSE equalization, the equalization coefficients are

designed such that they perform optimally only in the most critical case at which successful

transmission should be guaranteed. In the other cases, the coefficients are suboptimal since

the information about the actual γc is not used in the equalizer. Thus, Kq is set equal to the

upper bound L, cf. (3.36), and γc becomes equal to γs, cf. (3.51). The SNR γs is set equal to

a threshold λ at which the optimal MMSE equalization guarantees the maximum acceptable

BER. The equalization coefficient with suboptimal MMSE equalization results in

G
¯ l =

H
¯

∗
l

|H
¯ l|2 + λ

(3.65)

and requires only information about H
¯ l. The value λ has to be determined by investigations

carried out in advance.

Controlled Equalization: Controlled equalization, also referred to as threshold ORC

(TORC) or smooth ORC (SORC), applies ZF equalization to avoid MAI only on a subcar-

rier where the amplitude of the channel coefficient H
¯ l exceeds a predefined threshold athresh

[YeL94a]. A subcarrier with a small fading amplitude, which may be dominated by a noise

component, is set to a certain value ξ
¯l

, with the intention of preventing strong noise amplifica-

tion. Thus, the equalization coefficient is defined as

G
¯ l =







1
H
¯ l

if |H
¯ l| ≥ athresh

ξ
¯l

if |H
¯ l| < athresh

. (3.66)

In [YeL94a] it is proposed to neglect subcarriers with small amplitudes of the channel coeffi-

cients, yielding

ξ
¯l

= 0. (3.67)

An improvement is achievable when applying EGC on the strong faded subcarriers [Kai95b],

so that the information on these subcarriers is not completely neglected, i.e.,

ξ
¯l

=
H
¯

∗
l

|H
¯ l|

. (3.68)

A further improvement can be achieved by choosing

ξ
¯l

=
H
¯

∗
l

|H
¯ l| athresh

(3.69)

as considered in [RoB96]. Common to all three variants of controlled equalization is that the

threshold athresh depends on both the SNR γs and the number of active users Kq and that the

optimum athresh has to be found by investigations carried out in advance.
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3.3.3 Interference Cancellation

MD with IC is carried out iteratively in multiple detection stages. Values and functions related

to the jth iteration are marked by an index [j], where j may take on the values 1, . . . , Jit, and

Jit is the total number of iterations. The initial detection stage is indicated by the index [0].

A parallel IC realization is described in the sequel. Successive IC can easily be derived from

parallel IC by only cancelling the contribution of the strongest interferer per detection stage.

In the initial detection stage, the data symbols of all Kq active users are detected in parallel

by SD. That is,

d̂
¯

(k)[0]
= Q

{

c
¯

(k)∗G
¯

[0] r
¯

T
}

, k = 1, . . . , Kq, (3.70)

where G
¯

[0] and d
¯

(k)[0] denote the equalization coefficients and the detected data symbol of the kth

user, respectively, assigned to the initial stage. The following detection stages work iteratively

by using the decisions of the previous stage to reconstruct the interfering contribution in the

received signal. The obtained interference is subtracted, i.e, cancelled from the received signal

and the data detection is performed again with reduced MAI. Thus, the second and further

detection stages apply

d̂
¯

(k)[j]
= Q







c
¯

(k)∗G
¯

[j]




r

¯
− H

¯

Kq∑

g=1
g 6=k

d̂
¯

(g)[j−1]
c
¯

(g)






T




, j = 1, . . . , Jit, (3.71)

where except for the final stage the detection according to (3.71) has to be applied for all Kq

users.

The equalization matrix G
¯

[j] should be adapted to the detection stages such that in the initial

stage an SD technique is employed which can cope with MAI, where in the following stages

an SD technique suitable for the quasi MAI-free case should be exploited. Therefore, the

performance of an MC-CDMA system first introduced with IC using EGC in all stages [Faz93]

is poor compared to IC with equalizers adapted to the detection stages [Kai95c, Kai95b]. Very

promising results are obtained with MMSE equalization adapted to the Kq active users in the

initial stage, followed by MMSE equalization adapted to the single user case in the previous

detection stages [Kai95b].

The application of MRC seems theoretically to be of advantage for the second and further

detection stages, since MRC is the best detection technique in the MAI-free, i.e., in the single

user case. However, if one or more decision errors are made in one detection stage, MRC

performs poorly even with only one wrong decision [Kai95c]. Hence, the average BER with MRC

in the second and further stages cannot reach the performance of an MMSE equalizer adapted

to the single user case with Kq equal to 1 in the second and further stages, since the latter

is less sensitive to decision errors. Other combinations of SD in the different detection stages

are proposed in [HLP95] with ZF equalization followed by MRC, and improved in [KaP96b]

with controlled equalization followed by MRC. Since IC with adapted MMSE equalization

outperforms the other concepts with respect to the BER, the realization of IC with suboptimal
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MMSE equalizers adapted to the detection stages seems to be a good compromise between

performance and complexity.

3.3.4 Joint Detection with Maximum Likelihood Criterion

The optimum detection technique exploits the maximum a posteriori (MAP) criterion or the

maximum likelihood (ML) criterion, respectively, [Pro95] and is based on JD. In this sec-

tion, two optimum ML detection algorithms are presented, namely the maximum likelihood

sequence estimation (MLSE), which optimally estimates the transmitted data sequence d
¯
, and

the maximum likelihood symbol-by-symbol estimation (MLSSE), which optimally estimates

the transmitted data symbol d
¯

(k). It is straightforward, that both algorithms can be extended

to a MAP sequence estimator and to a MAP symbol-by-symbol estimator by taking into ac-

count the a priori probability of the transmitted sequence and symbol, respectively [Pro95].

However, since within this thesis all possible transmitted sequences and symbols, respectively,

are assumed to be equally probable a priori, the estimator based on the MAP criterion and the

one based on the ML criterion are equivalent [Pro95]. The possible transmitted data symbol

vectors are d
¯µ, µ = 1, . . . ,M

Kq

d , where M
Kq

d is the number of possible transmitted data symbol

vectors.

The MLSE minimizes the sequence error probability, i.e., the data symbol vector error prob-

ability, which is equivalent to maximizing the conditional probability P{d
¯µ|r¯} that d

¯µ was

transmitted given r
¯

according to (3.43). The estimate of d
¯

obtained with MLSE is

d̂
¯

= arg max
d
¯µ

P{d
¯µ|r¯}, (3.72)

with arg denoting the argument of the function. By using Bayes’ rule [Pap91], the conditional

probability P{d
¯µ|r¯} can be written as

P{d
¯µ|r¯} =

p(r
¯
|d
¯µ)P{d

¯µ}
p(r

¯
)

, µ = 1, . . . ,M
Kq

d . (3.73)

When assuming that all vectors d
¯µ, µ = 1, . . . ,M

Kq

d , are equally probable and by noting that the

denominator in (3.73) is independent of the transmitted data symbol vector, the decision rule

based on finding the sequence that maximizes P{d
¯µ|r¯} is equivalent to finding the sequence that

maximizes p(r
¯
|d
¯µ). The conditional probability density function p(r

¯
|d
¯µ) of the received vector

r
¯

given d
¯µ is referred to as a likelihood function. With independent noise on the subcarriers,

the received values R
¯ l, l = 1, . . . , L, cf. (3.43) and (3.12), are statistically independent and

p(r
¯
|d
¯µ) may be expressed as [Pap91]

p(r
¯
|d
¯µ) =

L∏

l=1

p(R
¯ l|d¯µ), µ = 1, . . . ,M

Kq

d . (3.74)

With complex-valued AWGN on the subcarriers, p(R
¯ l|d¯µ) is given by [Pro95]

p(R
¯ l|d¯µ) =

1

πσ2
exp

(

− 1

σ2

∣
∣
∣R
¯ l − H

¯ l c¯l d¯
T
µ

∣
∣
∣

2
)

, µ = 1, . . . ,M
Kq

d , (3.75)
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where c
¯l is the lth row of the spreading code matrix C

¯
defined in (3.45). Substitution of (3.75)

into (3.74) leads to the likelihood function

p(r
¯
|d
¯µ) =

(
1

πσ2

)L

exp
(

− 1

σ2

∥
∥
∥r
¯
− H

¯
C
¯

d
¯µ

∥
∥
∥

2
)

, µ = 1, . . . ,M
Kq

d . (3.76)

Since the reciprocal exponential function is a monotonously decreasing function, the maximum

of p(r
¯
|d
¯µ) over d

¯µ is equivalent to finding the data symbol vector d
¯µ that minimizes the squared

Euclidean distance

∆2(d
¯µ, r¯

) = ‖r
¯
− H

¯
C
¯

d
¯µ‖2, µ = 1, . . . ,M

Kq

d , (3.77)

between the received and all possible transmitted sequences. The most likely transmitted data

vector can be expressed as [Pro95, FaP93]

d̂
¯

= arg min
d
¯µ

∆2(d
¯µ, r¯

). (3.78)

Thus, the MLSE requires the evaluation of M
Kq

d squared Euclidean distances per estimation

step.

The MLSSE minimizes the symbol error probability, which is equivalent to maximizing the

conditional probability P{d
¯

(k)
µ |r

¯
} that d

¯
(k)
µ was transmitted given r

¯
. The estimate of d

¯
(k) ob-

tained by MLSSE is

d̂
¯

(k)
= arg max

d
¯

(k)

µ

P{d
¯

(k)
µ |r

¯
}. (3.79)

The conditional probability P{d
¯

(k)
µ |r

¯
} is given by

P{d
¯

(k)
µ |r

¯
} =

∑

∀d
¯µ

with same

realization of d
¯

(k)
µ

P{d
¯µ|r¯}, µ = 1, . . . ,M

Kq

d , (3.80)

where the probability P{d
¯

(k)
µ |r

¯
} is the union of all mutually exclusive events P{d

¯µ|r¯} with

the same realization of d
¯

(k)
µ [Pap91, KaP96a]. By using Bayes’ rule and assuming that all data

symbols d
¯

(k)
µ are equally probable and by noting that p(r

¯
) is independent of the transmitted data

symbol, the decision rule based on finding the symbol that maximizes P{d
¯

(k)
µ |r

¯
} is equivalent to

finding the symbol that maximizes p(r
¯
|d
¯

(k)
µ ). Thus, with (3.79), (3.80), and (3.76), by ignoring

the constant factor 1/(πσ2)L which is independent of the transmitted data symbol, the most

likely transmitted data symbol is

d̂
¯

(k)
= arg max

d
¯

(k)

µ

∑

∀d
¯µ

with same

realization of d
¯

(k)
µ

exp
(

− 1

σ2
∆2(d

¯µ, r¯
)
)

. (3.81)

The increased complexity with MLSSE compared to MLSE can be observed in the comparison

of (3.81) with (3.78), where besides the evaluation of the M
Kq

d squared Euclidean distances,

the sum over the exponential functions of the squared Euclidean distances for all realizations
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of d
¯

(k)
µ has to be calculated. Furthermore, knowledge about the variance of the noise σ2 is

required with MLSSE compared to MLSE. Both JD techniques require knowledge about which

user is active, i.e., which user specific spreading code is actually in use. An advantage of

MLSSE compared to MLSE is that the MLSSE inherently generates a reliability information

for a detected data symbols d̂
¯

(k)
which can be exploited in a subsequent soft decision channel

decoder, cf. Chapter 4. Since the MLSSE is the optimal symbol detector, the MLSSE reaches

a lower symbol error rate compared to the MLSE. However, the improvements with MLSSE

are small and often do not justify its additional complexity.

It should be noted that there exist also suboptimal JD techniques for MC-CDMA systems

[JBP96b]. Generally, CDMA systems which have to cope with ISI in the detection process

are in practice not able to exploit optimum JD with MLSE or MLSSE and require suboptimal

approaches [Kle96]. However, due to the avoidance of ISI in the detection process and by

employing the Q-Modification in the presented MC-CDMA system, it is possible to implement

the optimum JD techniques with reasonable complexity in MC-CDMA systems [FaP93].

3.4 Performance of Uncoded MC-CDMA Systems

In this section, the performance of different MC-CDMA data detection techniques is shown and

compared to each other for the downlink. To evaluate the performance, an MC-CDMA reference

system is defined in the following. Since the investigations should focus on the performance

of the data detection techniques, the MC-CDMA reference system is defined without channel

coding and assumes perfect channel estimation. The used spreading codes are orthogonal

Walsh-Hadamard codes [Pro95] with the purpose to minimize the MAI. The spreading code

length in a subsystem is L equal to 8, which is motivated by the results presented in [Kai96],

cf. Section 4.6, and in [ScK96]. Thus, each subsystem can maximally handle Kq,max equal to 8

users. Unless otherwise stated, the case with fully loaded subsystem is considered in the sequel.

QPSK with Gray encoding is applied for data symbol mapping [Pro95]. Moreover, the guard

interval of the reference system is chosen such that ISI and ICI are completely eliminated. By

assuming one of the three modified MC-CDMA systems presented in Figs. 3.8, 3.9, and 3.10,

the channel fading on the subcarriers per subsystem is modelled by uncorrelated flat fading due

to frequency interleaving. The mobile radio channel is implemented as uncorrelated Rayleigh

fading channel, described in detail in Section 2.2.2. Table 3.1 briefly summarizes the parameters

of the MC-CDMA reference system used in this section. The performance of the MC-CDMA

reference system presented in this section is applicable to any MC-CDMA system with an

arbitrary transmission bandwidth B, an arbitrary number of subsystems Q, and an arbitrary

number of data symbols M transmitted per user in an OFDM symbol. Only the number of

subcarriers within a subsystem has to be 8 and the amplitudes of the channel fading have to be

Rayleigh distributed and can be considered as uncorrelated on the subcarriers of a subsystem

due to appropriate frequency interleaving. The loss in SNR Vguard due to the guard interval,

cf. (3.23), is not taken into account in the results presented for the MC-CDMA reference system
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Table 3.1: Parameters of the MC-CDMA reference system

spreading code Walsh-Hadamard code

spreading code length L = 8

maximum number of users per subsystem Kq,max = 8

data symbol mapping QPSK with Gray encoding

channel coding no

channel estimation perfect

channel uncorrelated Rayleigh fading channel

in Chapters 3 and 4. The intention is that the loss in SNR due to the guard interval can be

calculated according to (3.23) individually for each specified guard interval. So, the presented

results can generally be modified for any guard interval. Moreover, in contrast to the results

presented in Chapter 6, the results presented in Chapters 3 and 4 do not take into account an

SNR loss due to the transmission of pilot symbols required for channel estimation.

As reference for the evaluation of the different SD and MD techniques, the MF bound of an

MC-CDMA system is used as a lower bound. The MF bound of an uncoded MC-CDMA system

with uncorrelated Rayleigh fading on the subcarriers corresponds to the BER Pb obtained from

data transmission over L statistically independent Rayleigh fading channels combined with

MRC [Pro95], given by

Pb =

(

1

2
− 1

2

√

γb

L + γb

)L L−1∑

l=0

(

L − 1 + l

l

)(

1

2
+

1

2

√

γb

L + γb

)l

, (3.82)

where γb is the SNR per bit defined according to (3.52) and L is the spreading code length. If

the fading is correlated between the subcarriers of a subsystem and the diversity D offered by

the channel is smaller than the spreading code length L, by still having Rayleigh distributed

fading amplitudes, (3.82) remains a lower bound. The MF bound of uncoded MC-FDMA and

MC-TDMA systems, in the following referred to as the MC-FDMA/MC-TDMA MF bound, is

obtained from (3.82) by choosing L equal to 1, since these systems achieve no diversity gain

without channel coding.

The theoretically calculated MF bounds of MC-CDMA systems with different spreading code

lengths L and for MC-FDMA and MC-TDMA systems in an uncorrelated Rayleigh fading

channel are depicted in Fig. 3.14. The MF bounds for the MC-CDMA reference system with

L equal to 8 and for MC-FDMA and MC-TDMA systems in an uncorrelated Rayleigh fad-

ing channel are included as reference in the following BER curves presented in this section.

Furthermore, the performance of the MC-CDMA, MC-FDMA, and MC-TDMA systems in an

AWGN channel, also referred to as ideal channel, is illustrated. The performance of the various

systems in the AWGN channel is due to the absence of MAI identical and can be calculated
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Figure 3.14: MF bounds for uncoded MC-CDMA systems with different spreading code lengths

and of MC-FDMA and MC-TDMA systems; uncorrelated Rayleigh fading channel and AWGN

channel; QPSK

according to [Pro95]

Pb =
1

2
erfc (

√
γb) . (3.83)

The theoretical results of the MC-CDMA reference system, of MC-FDMA and MC-TDMA

systems for the uncorrelated Rayleigh fading channel and the AWGN channel in Fig. 3.14

are confirmed by Monte Carlo simulation results. The performance curves presented in the

following are obtained by Monte Carlo simulations if nothing different is explicitly stated.

Since, for instance, in the case of speech transmission an uncoded BER Pb of about 10−2 is

required which leads to a BER Pb of about 10−3 at the output of the channel decoder, the

uncoded BER Pb equal to 10−2 is focused on in the following considerations.

The average uncoded BER Pb versus the SNR γb per bit for the SD techniques MRC, EGC, ZF

equalization, and MMSE equalization applied in the MC-CDMA reference system is depicted

in Fig. 3.15. The results show that with a fully loaded subsystem the MMSE equalization

outperforms the other investigated SD techniques. ZF equalization restores the orthogonality

between the user signals and avoids MAI, however, it introduces noise amplification which

is especially high at low SNRs. EGC avoids noise amplification but does not counteract the

MAI caused by the loss of the orthogonality between the user signals, resulting in a high error

floor. The worst performance is obtained with MRC which additionally enhances the MAI,

cf. Section 3.3.2. The error floor with MRC and with EGC can be analytically evaluated

[YLF93, YeL94a, Kai95c].

In Fig. 3.16, the average uncoded BER Pb versus the SNR γb per bit for the SD techniques
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Figure 3.15: Average uncoded BER Pb versus SNR γb for SD with MRC, EGC, ZF equalization,

and MMSE equalization; uncorrelated Rayleigh fading channel; L = 8; Kq = 8; QPSK
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Figure 3.16: Average uncoded BER Pb versus SNR γb for SD with MMSE equalization, subop-

timal MMSE equalization, and controlled equalization; uncorrelated Rayleigh fading channel;

L = 8; Kq = 8; QPSK

Samsung Exhibit 1012, Page 140 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



60

suboptimal MMSE equalization, controlled equalization, and, as reference, for optimal MMSE

equalization applied in the MC-CDMA reference system is shown. The parameter λ required

for suboptimal MMSE equalization is chosen as the reciprocal of the SNR γb at which the BER

Pb with optimum MMSE equalization is equal to 10−2. The BER Pb equal to 10−2 is obtained

with optimum MMSE equalization at 10 log10(γb) equal to 9.7 dB. Controlled equalization is

implemented with ξ
¯l

according (3.69). The optimum threshold which minimizes the SNR γb

given a BER Pb equal to 10−2 for the investigated reference system is found to be athresh equal to

0.5. The loss in performance with suboptimal MMSE equalization compared to optimal MMSE

equalization is small and can be neglected in the SNR range relevant for a mobile radio system

at uncoded BERs Pb equal to 10−2. The performance with suboptimal MMSE equalization and

with controlled equalization is similar, however, the determination of the parameter λ required

for suboptimal MMSE equalization is more straightforward than the search of the optimum

threshold athresh required for controlled equalization.

Analytical approaches to evaluate the performance of MC-CDMA systems with MRC and EGC

are given in [YLF93, YeL94a], with ZF equalization in [ToK96c], with controlled equalization

in [YeL94a, KaP96b], and with MMSE equalization in [Kai95c]. The derivation of the approach

to analytically evaluate the performance of MC-CDMA with the promising MMSE equalization

is included in Appendix A1.

Fig. 3.17 shows the average uncoded BER Pb versus the SNR γb per bit for the MD techniques

parallel IC, MLSE, and MLSSE applied in the MC-CDMA reference system. The performance

of parallel IC with adapted MMSE equalization is presented for two detection stages where

2 4 6 8 10 12 14 16
10 log10(γb) in dB

 10
-4

 10
-3

 10
-2

 10
-1

P
b

MC-CDMA MF bound
MC-FDMA/MC-TDMA MF bound      

& MLSE

IC, initial stage

IC, 1st iter.

IC, 2nd iter.

MLSSE

Figure 3.17: Average uncoded BER Pb versus SNR γb for MD with parallel IC, MLSE, and

MLSSE; uncorrelated Rayleigh fading channel; L = 8; Kq = 8; QPSK
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the performance of the initial stage is identical to the performance of MMSE equalization,

cf. Fig. 3.15. It can be shown that relevant performance improvements are obtained only after

the first iteration. The optimum JD techniques MLSE and MLSSE perform almost identically.

Both JD techniques outperform the investigated SD and IC techniques. For Pb equal to 10−2,

the SNR degradation with MLSE and MLSSE relative to the MF bound is 2.1 dB. The SNR

degradation with the optimum detection techniques compared to the MF bound is caused by

the superposition of orthogonal Walsh-Hadamard codes, resulting in sequences of length L

which can contain up to L − 1 zeros. Sequences with many zeros perform worse in the fading

channel due to the decreased diversity potential than sequences with less zeros. Consequently,

the average performance with MLSE or MLSSE is worse than the MF bound. It should be

noted that in the uplink the performance of MLSE and MLSSE closely approximates the MF

bound since here the Walsh-Hadamard codes do not superpose orthogonally.

The complexity of the MLSE and the MLSSE for QPSK mapping can be reduced by applying

MLSE and MLSSE, respectively, separately in the I and the Q quadrature components. Thus,

instead of 4Kq only 2×2Kq possible transmitted data sequences have to be evaluated [KaH97a].

This reduces the number of possible transmitted sequences which have to be evaluated in the

MC-CDMA receiver of the reference system from 65536 to 512. Since due to the Q-Modification

only small numbers of active users have to be taken into account in the ML detector and since ISI

can be completely avoided in the detection, an MC-CDMA system can exploit the optimum ML

detection algorithm with reasonable complexity. Conventional DS-CDMA systems have to cope

with a considerable amount of ISI and cannot exploit the advantages of the Q-Modification.

Hence, DS-CDMA systems are in practice not able to exploit optimum JD with MLSE or

MLSSE [Kle96].

In Appendix A2, an upper bound on the average BER is derived for MC-CDMA systems

applying JD with MLSE and MLSSE for the uncorrelated Rice fading channel [Kai95c] and

with KRice equal to 0, also for the uncorrelated Rayleigh channel [FaP93]. Analytical approaches

to determine the performance of MC-CDMA systems with IC are derived in [Kai95c, KaP96b].

The influence of the number of active users on the performance of the MC-CDMA reference

system employing SD with MMSE equalization, MD with parallel IC, and MD with MLSSE and

MLSE, respectively, is depicted in Fig. 3.18. This figure shows the required SNR γb to achieve

a BER Pb equal to 10−2 versus the loading ratio Kq/L. The parallel IC is implemented with

MMSE equalization adapted to the detection stages. In the single user case, the performance

with MLSSE and MLSE is equal to the MF bound. With MMSE equalization and IC, a 0.5 dB

higher SNR is required to achieve a BER Pb equal to 10−2 in the single user case compared to the

MF bound. Summarizing, the three detection techniques show an increasing SNR degradation

with increasing number of active users Kq. The SNR degradation with increasing Kq is higher

for SD with MMSE equalization than for MD with IC, MLSSE, or MLSE.

Due to the absence of MAI in MC-FDMA and MC-TDMA systems, the performance of both

is independent of the number of active users. In the uncorrelated Rayleigh fading channel,
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Figure 3.18: SNR γb per bit required to achieve a BER of Pb = 10−2 versus loading ratio Kq/L;

MMSE equalization, parallel IC after 1st iteration, and MLSSE; uncorrelated Rayleigh fading

channel; L = 8; QPSK

uncoded MC-FDMA and MC-TDMA systems require an SNR 10 log10(γb) equal to 13.8 dB to

achieve a BER Pb equal to 10−2, ∀K ∈ {1, Kmax}.

3.5 Equivalence between MC-CDMA and DS-CDMA

In this section, the equivalence between MC-CDMA and DS-CDMA is shown with respect to

the spreading code design and with respect to the RAKE receiver implementation.

• Frequency/time domain spreading code: Each MC-CDMA spreading code with a

mapping on frequency slots can be transferred in a DS-CDMA spreading code with a

mapping on time slots and vice versa by applying the Fourier transform [FBA94]. The

key feature of the Fourier transform is that it preserves the correlation properties of the

spreading code [Ach85]. Hence, an MC-CDMA system with a spreading code {C
¯

(k)
l },

l = 1, . . . , L, performs identically to a DS-CDMA system with a spreading code {c
¯
(k)
i },

i = 1, . . . , L, when both spreading codes are related by the Fourier transform, i.e.,

{C
¯

(k)
l }, l = 1, . . . , L, •−−−◦ {c

¯
(k)
i }, i = 1, . . . , L. (3.84)

In (3.84), the symbol •−−−◦ denotes the discrete Fourier transformation. When, for in-

stance, applying binary, real-valued, orthogonal MC-CDMA spreading codes, the equiva-

lent DS-CDMA spreading codes are non-binary and complex-valued, but still orthogonal.
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Both the MC-CDMA and the equivalent DS-CDMA signals have the same spectral prop-

erties. Equation (3.84) is limited to the basic MC-CDMA system presented in Fig. 3.7

where M and Q are equal to 1. The implementation of the M -, the Q-, or the M&Q-

Modification with the assigned frequency interleaving as equivalent DS-CDMA signal

fails, since the modifications introduce a parallel data symbol transmission which is not

possible in conventional DS-CDMA systems without an MC component.

The equivalence between MC-CDMA and DS-CDMA given by the spreading code design

enables the implementation of MC-CDMA signals with an OFDM spectrum as equivalent

DS-CDMA signals and, hence, enables one to employ receivers developed for conventional

DS-CDMA systems [JBP96a, NaS96]. Receivers with conventional DS-CDMA detection

algorithms adapted to MC-CDMA signals given as equivalent DS-CDMA signals are in

the sequel referred to as equivalent DS-CDMA receivers. Since conventional DS-CDMA

receivers are developed to cope with ISI in the detection process, the MC-CDMA mo-

bile radio system exploiting an equivalent DS-CDMA receiver not necessarily require the

absence of ISI and, hence, of ICI in the detection process. Thus, the loss in bandwidth

efficiency due to the guard interval can be avoided when accepting the higher receiver

complexity. The complexity of a conventional DS-CDMA system can also be reduced

by inserting a guard interval between adjacent data symbols. Due to the better spectral

properties of MC-CDMA signals compared to conventional DS-CDMA signals, the MC-

CDMA signal structure introduced in Section 3.2 should be used in any case, either in an

MC-CDMA system or in its equivalent implementation as DS-CDMA system.

• Frequency/time domain RAKE receiver: The RAKE receiver in a DS-CDMA sys-

tem resolves and combines multipath components with different time delays [SOS94],

whereas the RAKE receiver in an MC-CDMA system resolves and combines multipath

components with different Doppler frequencies [FBA94]. The DS-CDMA RAKE receiver,

also referred to as time domain RAKE receiver, is suitable for channels with high delay

spread and, thus, high ISI, whereas the MC-CDMA RAKE receiver, also referred to as

frequency domain RAKE receiver, is suitable for channels with high Doppler shifts and,

thus, high ICI. If the delay spread exceeds the reciprocal of the transmission bandwidth,

the DS-CDMA RAKE receiver can exploit diversity, whereas the MC-CDMA RAKE re-

ceiver can exploit diversity if the maximum Doppler frequency exceeds the reciprocal of

the OFDM symbol duration.

When considering the practical implementation of RAKE receivers, the following consid-

eration is important. The MC-CDMA system with an orthogonal spreading code mapped

on frequency slots has been introduced to avoid the complexity of a DS-CDMA system

with a time domain RAKE receiver in a time dispersive channel [Kai95b]. Consequently,

in a frequency dispersive channel, a DS-CDMA system with an orthogonal spreading code

mapped on time slots should be applied to avoid the complexity of an MC-CDMA system

with a frequency domain RAKE.
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Chapter 4

MC-CDMA with Channel Coding

4.1 Introduction

Channel coding with code bit interleaving is an efficient technique to combat the degradations

due to fading, noise, interference, and other channel impairments. The basic idea of channel

coding is to introduce controlled redundancy into the transmitted data that is exploited at the

receiver to correct channel induced errors by means of forward error correction. There are many

different types of error correcting codes. Historically, they have been classified into block codes

and convolutional codes [LiC83]. Binary convolutional codes are chosen as channel codes in

most second generation mobile radio systems and also for the MC-CDMA mobile radio system

presented in this thesis, since there exist very simple decoding algorithms that can achieve a soft

decision decoding gain. The channel decoding strategies used in the investigated MC-CDMA

receiver are based on the Viterbi algorithm which can exploit soft decided values in an optimum

manner [For73].

Many of the codes that have been developed for increasing the reliability in the transmission of

information are effective when the errors caused by the channel are statistically independent.

Signal fading due to time-variant multipath propagation often causes the signal to fall below

the noise level, thus, resulting in a large number of errors, called burst errors. An efficient

method for dealing with burst error channels is to interleave the code bits in such a way that

the bursty channel is transformed into a channel having independent errors. Thus, a code

designed for independent errors or short bursts can be used. Code bit interleaving has become

an extremely useful technique in all second generation digital cellular systems, and can for

example be realized as block, diagonal, or random interleaver [Ste94].

The block diagram of the channel encoding and user specific spreading, cf. (3.28), in the MC-

CDMA transmitter assigned to the kth user is shown in Fig. 4.1 a). The block diagram is the

same for up- and downlink. The input sequence of the convolutional encoder is represented by

the source bit vector

a(k) = (a
(k)
1 , a

(k)
2 , . . . , a

(k)
La

)T, a(k)
κ ∈ {−1, +1}, κ = 1, . . . , La, (4.1)

of length La. The code word is the discrete time convolution of a(k) with the impulse response

of the encoder. The memory Mc of the code determines the complexity of the convolutional
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Figure 4.1: Concatenation of the spread spectrum technique with channel coding; a) channel

encoding with subsequent data symbol spreading; b) SD and c) JD with optimum soft decision

decoding

code, given by 2Mc different memory realizations, also called states, for binary convolutional

codes. The states correspond to those of a Mealy automat [Rup93]. The output of the channel

encoder is a code bit sequence of length Lb which is represented by the code bit vector

b(k) = (b
(k)
1 , b

(k)
2 , . . . , b

(k)
Lb

)T, b(k)
κ ∈ {−1, +1}, κ = 1, . . . , Lb. (4.2)

The interleaved code bit vector b̃
(k)

is passed to a symbol mapper, where b̃
(k)

is mapped into

a complex-valued sequence of Ld data symbols taken from the complex data symbol alphabet

V
¯ d of size Md, cf. (3.24), i.e.,

d
¯

(k) = (d
¯

(k)
1 , d

¯
(k)
2 , . . . , d

¯
(k)
Ld

)T, d
¯

(k)
κ ∈ V

¯ d, κ = 1, . . . , Ld. (4.3)

A data symbol index κ, κ = 1, . . . , Ld, is introduced to distinguish the different data symbols

d
¯

(k)
κ assigned to d

¯
(k). The spreading of each data symbol d

¯
(k)
κ , κ = 1, . . . , Ld, with the spreading

code c
¯

(k) according to (3.28) yields the vector

s
¯

(k) = (s
¯

(k)T
1 , s

¯
(k)T
2 , . . . , s

¯
(k)T
Ld

)T (4.4)

of length Ld · L. The vector s
¯

(k) is superposed with the spread sequences of the other users,

cf. (3.33), and MC modulated, cf. (3.10). In the MC-CDMA receiver, the received sequence is

MC demodulated according to (3.12). The output of the MC demodulator is the vector

r
¯

= (r
¯

T
1 , r

¯
T
2 , . . . , r

¯
T
Ld

)T (4.5)
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of length Ld · L, where each component r
¯κ, κ = 1, . . . , Ld, is defined according to (3.43).

In the case of SD, see Fig. 4.1 b), the Ld soft decided values at the output of the detector are

given by the vector

v
¯

(k) = (v
¯

(k)
1 , v

¯
(k)
2 , . . . , v

¯
(k)
Ld

)T, (4.6)

where each component of v
¯

(k) is obtained according to (3.56). The Ld complex-valued, soft

decided values of v
¯

(k) assigned to the data symbols of d
¯

(k) are mapped onto Lb real-valued, soft

decided values represented by w̃(k) assigned to the code bits of b̃
(k)

[ViO79]. The output of the

symbol demapper w̃(k) after deinterleaving is written as the vector

w(k) = (w
(k)
1 , w

(k)
2 , . . . , w

(k)
Lb

)T. (4.7)

In the error-free case, w(k)
κ is equal to b(k)

κ for κ = 1, . . . , Lb. The vector w(k) is passed to a

reliability estimator which calculates log-likelihood ratios (LLRs) [ViO79, Hag95] of the com-

ponents of w(k). LLRs are the optimum soft decided values which can be exploited in a Viterbi

decoder [ViO79, Hag95]. The vector

l(k) = (L(k)
1 ,L(k)

2 , . . . ,L(k)
Lb

)T (4.8)

of length Lb represents the LLRs assigned to the transmitted code bit vector b(k), cf. (4.2).

Finally, a sequence l(k) is soft decision decoded by applying the Viterbi algorithm [For73]. At

the output of the channel decoder, the detected source bit vector

â(k) = (â
(k)
1 , â

(k)
2 , . . . , â

(k)
La

)T, â(k)
κ ∈ {−1, +1}, κ = 1, . . . , La, (4.9)

is obtained, consisting of La hard decided values.

In the case of JD, see Fig. 4.1 c), the LLRs can inherently be obtained from the detection

algorithm, which is also combined with the symbol demapping. After deinterleaving the LLRs

given by the vector l̃
(k)

, the processing of l(k) is the same as described above for the scheme

with SD.

Before presenting the coding gains of different channel decoding schemes applied in MC-CDMA

systems, the calculation of LLRs in fading channels is derived generally for MC modulated

transmission systems. Based on this introduction, the LLRs for MC-CDMA systems are derived

[KaP96a, Kai96]. The derived LLRs for MC-CDMA systems with SD and with JD are in general

applicable for the up- and downlink. In the uplink, only the user index (k) has to be assigned

to the individual channel fading coefficients of the corresponding users.

4.2 Soft Decision Decoding in MC-CDMA Systems

4.2.1 Log-Likelihood Ratio

The Viterbi decoding algorithm determines the most likely transmitted code bit sequence b(k)

and, thus, estimates the most likely transmitted source bit sequence a(k) of the kth user ac-
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cording to the ML rule [ViO79]. The ML rule selects the code bit sequence

b̂
(k)

= (b̂
(k)
1 , b̂

(k)
2 , . . . , b̂

(k)
Lb

)T, b̂(k)
κ ∈ {−1, +1}, κ = 1, . . . , Lb, (4.10)

which maximizes the conditioned probability P{b(k)
ν |w(k)}, i.e.,

b̂
(k)

= arg max
b

(k)

ν

P{b(k)
ν |w(k)}, (4.11)

where b(k)
ν is the νth possible transmitted code bit sequence. By applying Bayes’ rule [Pap91]

and assuming that all realizations of b(k)
ν are equally probable, the decision rule based on

finding the sequence that maximizes P{b(k)
ν |w(k)} is equivalent of finding the the sequence

that maximizes the likelihood function p(w(k)|b(k)
ν ). It should be noted that the probability

density function p(w(k)) which is independent of the possible transmitted code bit vector b(k)
ν

can be omitted. Due to the interleaving, the channel with memory is ideally transformed into

a memoryless channel. Thus, the likelihood function p(w(k)|b(k)
ν ) is given by

p(w(k)|b(k)
ν ) =

Lb∏

κ=1

p(w(k)
κ |b(k)

κ,ν), (4.12)

where b(k)
κ,ν ∈ {−1, +1} is the κth bit of the νth possible transmitted code bit vector b(k)

ν , and

w(k)
κ is the κth soft decided value of the vector w(k). Equivalently to (4.12), the log-likelihood

function

ln
(

p(w(k)|b(k)
ν )

)

=
Lb∑

κ=1

ln
(

p(w(k)
κ |b(k)

κ,ν)
)

(4.13)

can be used since the natural logarithm is a function monotonously increasing with its argument.

Thus, the ML rule selects the code bit sequence according to

b̂
(k)

= arg max
b

(k)

ν

Lb∑

κ=1

ln
(

p(w(k)
κ |b(k)

κ,ν)
)

. (4.14)

Since a bit b(k)
κ,ν that maximizes p(w(k)

κ |b(k)
κ,ν) minimizes p(w(k)

κ | − b(k)
κ,ν) for binary codes, (4.14)

can be rewritten in the form [ViO79]

b̂
(k)

= arg max
b

(k)

ν

Lb∑

κ=1

ln

(

p(w(k)
κ |b(k)

κ,ν)

p(w
(k)
κ | − b

(k)
κ,ν)

)

= arg max
b

(k)

ν

Lb∑

κ=1

b(k)
κ,ν ln

(

p(w(k)
κ |b(k)

κ,ν = +1)

p(w
(k)
κ |b(k)

κ,ν = −1)

)

= arg max
b

(k)

ν

Lb∑

κ=1

b(k)
κ,ν L(k)

κ . (4.15)

The sums in (4.14) and in (4.15) take on different values, however, both terms are equivalent

with respect to the argument obtained by maximization of both terms. The term L(k)
κ represents

the LLR defined as

L(k)
κ = ln

(

p(w(k)
κ |b(k)

κ,ν = +1)

p(w
(k)
κ |b(k)

κ,ν = −1)

)

(4.16)
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and can take on values in the interval [−∞, +∞]. Since in the following the focus is on the

LLR of a single code bit, the index κ is omitted for brevity. The sign of L(k) is the hard decided

value b̂(k) and the magnitude of L(k) denotes the assigned reliability value of b̂(k).

For the derivation of the LLR in fading channels in this section, an MC transmission system

without data spreading, like MC-FDMA or MC-TDMA systems, is considered. A component

w(k) is the transmitted bit b(k) affected by flat fading and noise of the subcarrier where the code

bit has been transmitted on. Thus, with flat fading on the subcarriers and in the presence of

AWGN, the probability density function p(w(k)|b(k)
ν ) that w(k) will be received given b(k)

ν is

p(w(k)|b(k)
ν ) =

√

1

π σ2
exp

(

− 1

σ2

(

w(k) − |H
¯ l| b(k)

ν

)2
)

. (4.17)

It should be noted that the variance σ2 is defined in (3.14) as the variance of the complex-valued

noise. With independent I and Q quadrature components, the variance in each component is

σ2/2. Substitution of (4.17) into (4.16) leads to the LLR for MC modulated systems without

signal spreading in fading channels

L(k) = ln







exp
(

− 1
σ2

(

w(k) − |H
¯ l|
)2
)

exp
(

− 1
σ2

(

w(k) + |H
¯ l|
)2
)







=
4 |H

¯ l|
σ2

w(k) . (4.18)

In the AWGN channel the fading amplitude |H
¯ l| is equal to 1.

Since in MC-CDMA systems a code bit b(k) is transmitted in parallel on L subcarriers, where

each subcarrier may be affected by both independent fading and MAI, (4.18) is not applicable

in MC-CDMA systems. The LLR for MC-CDMA systems is derived in the following sections

for SD and for JD with MLSSE and MLSE [KaP96a, Kai96].

MC-CDMA receivers using IC without taking into account the channel coding in the iterative

process exploit the LLRs derived for SD in each detection stage, where in the second and

further stages the term representing the MAI in the LLRs can approximately be set to zero.

However, no significant performance improvements can be obtained with this IC scheme, since

the gain with IC at the relevant BERs which are greater than 10−2 in the uncoded system is

negligible. Promising results are obtained when combining the detection and decoding in an

iterative manner with soft IC [KaH97b]. The MC-CDMA receiver with optimum soft IC is

introduced in Section 4.3.

4.2.2 LLR for MC-CDMA Systems with SD

Fig. 3.13 shows the parallel transmission of a data symbol and, thus, of a code bit on L parallel

subcarriers with MC-CDMA. A received data symbol after SD results in the soft decided value

v
¯

(k) =
L∑

l=1

C
¯

(k)∗
l G

¯ l



H
¯ l

Kq∑

g=1

d
¯

(g)C
¯

(g)
l + Nl




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=

desired symbol
︷ ︸︸ ︷

d
¯

(k)
L∑

l=1

|C
¯

(k)
l |2G

¯ l H¯ l

︸ ︷︷ ︸

ϑ
¯

(k)

+

MAI
︷ ︸︸ ︷

Kq∑

g=1
g 6=k

d
¯

(g)
L∑

l=1

G
¯ l H¯ l C¯

(g)
l C

¯
(k)∗
l

︸ ︷︷ ︸

ζ
¯

(g,k)

+

noise
︷ ︸︸ ︷

L∑

l=1

N
¯ l G¯ l C¯

(k)∗
l

︸ ︷︷ ︸

η
¯

(k)

. (4.19)

Since a frequency interleaver is applied, the L complex-valued fading factors H
¯ l, l = 1, . . . , L,

affecting d
¯

(k) can be assumed to be independent. Thus, for sufficiently long spreading codes,

the MAI can be considered as additive zero-mean Gaussian noise according to the central limit

theorem [Pap91]. The noise term η
¯

(k) can also be considered as additive zero-mean Gaussian

noise. The attenuation |ϑ
¯

(k)| of the transmitted data symbol d
¯

(k) is the magnitude of the sum

of the equalized channel coefficients G
¯ l · H¯ l of the L subcarriers used for the transmission of

d
¯

(k) weighted with |C
¯

(k)
l |2. The symbol demapper delivers the real-valued soft decided value

w(k) =

desired bit
︷ ︸︸ ︷

b(k) ϑ′(k) +

MAI
︷ ︸︸ ︷

Kq∑

g=1
g 6=k

b(g) ζ ′(g,k) +

noise
︷︸︸︷

η′(k) . (4.20)

The desired real-valued soft decided bit b(k) ϑ′(k) is obtained after symbol demapping the desired

complex-valued soft decided data symbol d
¯

(k) ϑ
¯

(k). Moreover, the real-valued soft decided bit

b(g) ζ ′(g,k) is obtained after symbol demapping the complex-valued term d
¯

(g) ζ
¯

(g,k), and the real-

valued noise η′(k) is obtained after symbol demapping the complex-value noise η
¯

(k). The real-

valued MAI and the real-valued noise can still be considered as additive zero-mean Gaussian

noise with variance σ2
MAI and σ2

noise, respectively. With w(k) defined according to (4.20), the

LLR can be written according to (4.18) as

L(k) ≈ 2 |ϑ′(k)|
σ2

MAI + σ2
noise

w(k). (4.21)

In (4.21), the soft decided value w(k) is multiplied with 2 instead of 4 as in (4.18), since in (4.21)

the variance is assigned to real-valued noise, whereas it is assigned to complex-valued noise in

(4.18). When applying Walsh Hadamard codes as orthogonal spreading codes [Pro95], the

property can be exploited that the product C
¯

(g)
l C

¯
(k)∗
l , l = 1, . . . , L, in half of the cases equals

−1/L and in the other half equals +1/L, when g is not equal to k and C
¯

(k)
l ∈ {−

√

1/L, +
√

1/L},
l = 1, . . . , L, k = 1, . . . , Kq. The chip amplitude

√

1/L normalizes the energy of a data symbol.

Furthermore, by assuming that the realizations b(k) equal to 1 and b(k) equal to -1 are equally

probable for all k = 1, . . . , Kq, the attenuation |ϑ′(k)| results in [Kai95c]

|ϑ′(k)| =
1

L

∣
∣
∣
∣
∣

L∑

l=1

G
¯ l H¯ l

∣
∣
∣
∣
∣
, (4.22)

the variance of the MAI becomes

σ2
MAI =

Kq − 1

L

(

E{|G
¯ l H¯ l|2} − |E{G

¯ l H¯ l}|2
)

, (4.23)
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and the variance of the noise is

σ2
noise =

σ2

2
E{|G

¯ l|2}. (4.24)

Substitution of (4.22), (4.23), and (4.24) in (4.21) leads to the LLR for MC-CDMA mobile

radio systems with SD, given by

L(k) ≈
2
L

∣
∣
∣
∣
∣

L∑

l=1
G
¯ l H¯ l

∣
∣
∣
∣
∣

(Kq − 1)
L

(

E{|G
¯ l H¯ l|2} − |E{G

¯ l H¯ l}|2
)

+ σ2

2 E{|G
¯ l|2}

w(k), (4.25)

when Walsh Hadamard codes are used as spreading codes. The implementation of (4.25) is

enabled by applying the law of large numbers [Pap91] for evaluation of the expectation values

E{.}. Thus, the LLR for MC-CDMA mobile radio systems with SD applying Walsh Hadamard

codes can be implemented in the form [KaP96a]

L(k) ≈
2

∣
∣
∣
∣
∣

L∑

l=1
G
¯ l H¯ l

∣
∣
∣
∣
∣

(Kq − 1)



 1
L

L∑

l=1
|G
¯ l H¯ l|2 −

∣
∣
∣
∣
∣

1
L

L∑

l=1
G
¯ l H¯ l

∣
∣
∣
∣
∣

2


+ σ2

2

L∑

l=1
|G
¯ l|2

w(k). (4.26)

For spreading codes with L much greater than 2, the computation of (4.26) can be simplified

to [Kai96]

L(k) ≈ w(k) , L À 2, (4.27)

since with L much greater than 2 the weighting term of w(k) in (4.26) becomes quasi constant

and, hence, has no effect on the soft decision decoding process. Thus, (4.25) simplifies to the

soft decided value w(k) obtained after detection and symbol demapping. In Section 4.5, the

accuracy of the simplified LLR (4.27) versus the spreading code length L is shown.

Since for short spreading codes the simplification (4.27) performs worse than (4.26), an approach

yielding similar performance as (4.26) even with short spreading codes when using MMSE

equalization was found to be [Kai96]

L(k) =
4

σ2 L

L∑

l=1

|H
¯ l| w(k). (4.28)

Equation (4.28) has a very similar form as (4.18). In (4.28) a soft decided value w(k) is weighted

with the average of all |H
¯ l|, l = 1, . . . , L, of the subcarriers on which b(k) has been transmitted,

and in (4.18) a soft decided value w(k) is weighted with the |H
¯ l| of the one subcarrier on which

b(k) has been transmitted. In practice (4.28) is preferable to (4.26) when using SD with MMSE

equalization, since it is lower in computational complexity without essential loss in performance.

However, it has to be noted that (4.28) performs significantly worse than (4.26) for other SD

techniques like MRC or ZF equalization and, thus, is not applicable for all SD techniques.
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4.2.3 LLRs for MC-CDMA Systems with MLSSE and MLSE

The LLR for coded MC-CDMA mobile radio systems with JD based on MLSSE is given by

L(k) = ln

(

p(r
¯
|b(k)

ν = +1)

p(r
¯
|b(k)

ν = −1)

)

(4.29)

and is inherently delivered in the symbol-by-symbol estimation process presented in Sec-

tion 3.3.4. The set of all possible transmitted data vectors d
¯µ where the considered code

bit b(k)
ν of the kth user is equal to +1 is denoted by D(k)

+ . The set of all possible data symbols

where b(k)
ν is equal to −1 is denoted by D(k)

− . Using D(k)
+ and D(k)

− , (4.29) results in

L(k) = ln









∑

∀d
¯µ

∈D(k)

+

p(r
¯
|d
¯µ)

∑

∀d
¯µ

∈D(k)

−

p(r
¯
|d
¯µ)









. (4.30)

With the conditional probability function p(r
¯
|d
¯µ) given in (3.76), the LLR for MC-CDMA

systems with MLSSE becomes [KaP96a]

L(k) = ln










∑

∀d
¯µ

∈D(k)

+

exp
(

− 1
σ2 ∆2(d

¯µ, r¯
)
)

∑

∀d
¯µ

∈D(k)

−

exp
(

− 1
σ2 ∆2(d

¯µ, r¯
)
)










. (4.31)

For coded MC-CDMA systems with JD based on MLSE, the sequence estimation process

cannot provide reliability information on the detected code bits. However, an appropriate

approximation for the LLR with MLSE is given by [FaP93]

L(k) ≈ 1

σ2

(

∆2(d
¯µ−

, r
¯
) − ∆2(d

¯µ+
, r
¯
)
)

. (4.32)

The indices µ− and µ+ mark the smallest squared Euclidean distances ∆2(d
¯µ−

, r
¯
) and

∆2(d
¯µ+

, r
¯
) where b(k)

ν is −1 and b(k)
ν is +1, respectively. The SNR degradation due to the

application of MLSE with approximated LLR (4.32) compared to MLSSE with optimum LLR

(4.31) is shown in Section 4.5.

4.3 Iterative Decoding with Soft Interference Cancella-

tion

A coded MC-CDMA system exploiting MD with IC can be realized with two strategies. The

first of these is IC performed with the code bits obtained after despreading by not including

the channel coding in the iterative process. This strategy performs poorly for the reasons men-

tioned in Section 4.2.1. A second strategy is to concatenate the IC and decoding in an iterative
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scheme [MaO97a, StP97b, KaH97b]. This can be done by re-encoding, re-spreading, and pre-

distorting the decoded contributions of the interfering users before cancelling the interference.

The optimum IC strategy is obtained when taking reliability information about the detected

interference into account so that the decisions with reliability information from the soft-in/soft-

out channel decoder are used to reconstruct the interference. This strategy is referred to as

soft IC [KaH97b] and outperforms approaches with re-encoding hard decided values and, thus,

re-spreading of hard decided values. Soft IC exploits the advantage that the use of soft decided

values in the iterative process reduces error propagation compared to the use of hard decided

values [KaH97b].

The block diagram of an MC-CDMA receiver with iterative soft IC is illustrated in Fig. 4.2.

The data of the desired user k are detected by applying IC with reliability information. Soft IC

(g)[j-1]

r

channel
decoder

symbol
demapper

equalizer reliability
estimator

^
channel
decoder

asymbol
demapper

reliability
estimator

soft symbol
mapper+

+

+

fading

despreader

spreader

despreaderequalizer

c(g)

c(g)

c(k)

*

*

G

G

H

LLR domain

deinterleaver

interleaver

deinterleaver

-

soft bit
estimator

l re

lw(g)[j-1]

re

g=k{ w(g)[j-1] (g)[j-1]

(k)[j]lw(k)[j] (k)[j]

[j-1]

[j]

Figure 4.2: Mobile MC-CDMA receiver with soft IC

can be carried out in multiple detection stages. As already introduced in Section 3.3.3, values

and functions related to the jth iteration are marked by an index [j], where j may take on

the values j = 1, . . . , Jit, and Jit is the total number of iterations. The initial detection stage

is indicated by the index [0]. Before detection of the data of the kth user in the lowest path

of Fig. 4.2 with an appropriate SD technique adapted to the jth iteration, the contribution of

the Kq − 1 interfering users g = 1, . . . , Kq with g not equal to k is detected with SD adapted

to the (j − 1)th detection stage and subtracted from the received signal.

The contribution of the interfering users is detected in the jth detection stage by SD, sepa-

rately for each user. The soft decided values w(g)[j] of the gth interfering user are obtained

after detection, symbol demapping, and deinterleaving. The output of the reliability estimator

delivers the LLR vector l(g)[j]. From the subsequent soft-in/soft-out channel decoding, shown
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in the uppermost path of Fig. 4.2, besides the output of the decoded source bits, reliability

informations in the form of LLRs about the re-encoded bits are obtained. The LLRs of the

re-encoded bits are given by the vector

l(g)[j]
re = (L(g)[j]

1,re ,L(g)[j]
2,re , . . . ,L(g)[j]

Lb,re)
T. (4.33)

In contrast to (4.16), the LLR of a re-encoded bit

L(g)[j]
κ,re = ln

(

P{b(g)
κ = +1|w(g)[j]}

P{b(g)
κ = −1|w(g)[j]}

)

, κ = 1, . . . , Lb, (4.34)

is the estimate of all the other soft decided values in the sequence w(g)[j] about this re-encoded

bit and not only of one received soft decided value w(g)[j]
κ . For brevity, the index κ is omitted

since the focus is on the LLR of one code bit in the sequel. To avoid error propagation, the

average value of b(g) which is the so-called soft bit is used [Hag96]. The soft bit is defined as

w(g)[j]
re = E{b(g)|w(g)[j]}

= (+1)P{b(g) = +1|w(g)[j]} + (−1)P{b(g) = −1|w(g)[j]}. (4.35)

With (4.34), the conditioned probabilities required in (4.35) are

P{b(g) = +1|w(g)[j]} =
eL

(g)[j]
re

1 + eL
(g)[j]
re

(4.36)

and

P{b(g) = −1|w(g)[j]} =
1

1 + eL
(g)[j]
re

. (4.37)

Thus, with (4.36) and (4.37), the soft bit w(g)[j]
re is defined as

w(g)[j]
re =

eL
(g)[j]
re /2 − e−L

(g)[j]
re /2

eL
(g)[j]
re /2 + e−L

(g)[j]
re /2

= tanh
(

L(g)[j]
re /2

)

. (4.38)

The soft bit w(g)[j]
re can take on values in the interval [−1, +1]. After interleaving, the soft bits

are soft symbol mapped such that the reliability information included in the soft bits is not lost.

The obtained complex-valued data symbols are spread with the user specific spreading code

and each chip is predistorted with the channel coefficient assigned to the subcarrier where the

chip is transmitted on. After that, the total reconstructed MAI is subtracted from the received

signal r
¯
.

The above operation becomes more clear, if one thinks of the channel decoder as a genie soft-

in/soft-out decoder as defined in [KaH97b], which supplies

L(g)[j]
re =







±∞ for correctly re-encoded bits

0 otherwise
(4.39)
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or as soft bit

w(g)[j]
re =







±1 for correctly re-encoded bits

0 otherwise
. (4.40)

Then, the feedback does not use incorrect bits and avoids error propagation. The performance

of the genie soft-in/soft-out decoder is a lower bound for MC-CDMA systems with soft IC. A

real soft-in/soft-out decoder closely approximates (4.39), as shown in Section 4.5.

After cancelling the interference of the other users, the data of the desired user k are detected

with SD. However, in contrast to the initial SD, in the further stages, the equalizer coefficients

given by the matrix G
¯

[j] and the LLRs given by the vector l(k)[j] after soft IC are adapted to

the quasi MAI-free case, i.e., Kq is equal to 1.

4.4 Iterative Decoding of Turbo-Codes

Recently, interest has focused on iterative decoding of concatenated codes using soft-in/soft-

out decoders with simple component codes in an interleaved scheme. By applying systematic

recursive convolutional codes in the iterative scheme and by introducing an interleaver between

the two encoders, impressive results can be obtained with so-called Turbo codes [BGT93].

Turbo codes have become of great interest because of their good performance at low SNRs.

Fig. 4.3 shows the block diagram of the Turbo encoder. The code structure consists of two

a b(k) (k)

interleaver
convolutional

encoder

convolutional
encoder

puncturing

puncturing

Figure 4.3: Turbo encoder

parallel recursive systematic punctured convolutional codes. A block of encoded bits consists

of three parts. The two parity bit parts and the systematic part which is the same in both code

bit streams and, hence, has to be transmitted only once. The code bit sequence at the output

of the Turbo encoder is given by the vector b(k), cf. (4.2).

In the receiver, the decoding is performed iteratively. Fig. 4.4 shows the block diagram of

the Turbo decoder. The component decoders are soft output decoders providing LLRs of the

decoded bits. The basic idea of iterative decoding is to feed forward/backward the soft decoder

output in the form of LLRs, improving the next decoding step. In the initial stage, the non-

interleaved part of the code b(k) is decoded. Only the LLRs given by the vector l(k) at the input
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deinterleaver
a(k)

sign(.)

^

Figure 4.4: Turbo decoder

of the Turbo decoder are used. In the second stage, the interleaved part is decoded. In addition

to the LLRs given by l(k), the decoder uses the output of the first decoding step as a priori

information about the code bits. This is possible due to the separation of the two codes by the

interleaver. In the next iteration cycle, this procedure is repeated, but now the non-interleaved

part can be decoded using an a priori information delivered from the last decoding step. Hence,

this decoding run has a better performance than the first one and the decoding improves. Since

in each individual decoding-step the decoder combines soft information from different sources,

the representation of the soft information is crucial. It is shown in [HRP94, HOP96] that the

soft value at the decoder input should be a LLR to guarantee that after combining the soft

informations at the input of the decoder again LLRs are available. The size of the Turbo code

interleaver and the number of iterations essentially determine the performance of the Turbo

coding scheme.

4.5 Performance of MC-CDMA Systems with Channel

Coding

The performance evaluation of MC-CDMA systems with channel coding and interleaving re-

quires an extension of the MC-CDMA reference system defined in Section 3.4. In the sequel, the

channel coding and interleaving of the extended MC-CDMA reference system are defined. The

channel coding applies rate compatible punctured convolutional (RCPC) codes [Hag88]. The

application of RCPC codes offers a flexible change of code rates by applying the same Viterbi

decoder. The RCPC codes are almost as good as the best known general convolutional codes

of the respective rates, but are less complex. The mother code rate of the RCPC codes is 1/3.

Unless otherwise stated, non-systematic RCPC codes punctured to rate R equal to 1/2 with
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memory Mc equal to 6 are chosen as channel codes. Blocks of La equal to 192 source bits are

transmitted. At the output of the channel encoder, the code bits are scrambled in a random

interleaver of size Ic equal to 384. When considering speech transmission applications with

typical data rate of 9.6 kbit/s, the chosen block size of 384 contains the data of 20 ms speech

time, which is an acceptable delay. Table 4.1 briefly summarizes the parameters of the channel

coding and interleaving adapted to the MC-CDMA reference system introduced in Section 3.4.

Since the focus is on speech transmission applications, the considered BER Pb is equal to 10−3.

Table 4.1: Parameters of the channel coding and interleaving, adapted to the MC-CDMA

reference system introduced in Section 3.4

channel code convolutional code

channel decoder Viterbi decoder

code rate R=1/2

memory Mc=6

bit interleaver random interleaver of size Ic = 384

Unless otherwise stated, full subsystem load with Kq equal to L is considered. When systems

with different spreading code length L are investigated, the maximum number of active users

remains constant due to the Q-Modification, cf. (3.38). The performance of coded MC-FDMA

and MC-TDMA systems is given as reference. It should be noted that, similar to the uncoded

case, the performance of MC-FDMA and MC-TDMA systems is independent of the number of

active users K. The curves presented in the following are obtained by Monte Carlo simulations.

The circle symbols in the figures explicitly highlight simulation points of the curves where the

focus is on.

In Fig. 4.5, the SNR gain due to soft decision decoding exploiting LLRs for MC-CDMA systems

compared to hard decision decoding versus the spreading code length L is presented for a BER

Pb equal to 10−3. Results are given for SD with MMSE equalization and for JD with MLSSE and

with MLSE. It can be observed that with increasing spreading code length the SNR gain due to

soft decision decoding decreases. This effect occurs since the spreading can be considered as a

kind of averaging of the fading of the subcarriers. Hence, with increasing spreading code length

the fading process is more and more averaged and the soft decision decoding gain decreases.

However, it has to be mentioned that on the other hand the diversity gain due to data spreading

increases.

In the case of SD, the SNR gain with the LLR according to (4.26) and with the approximation

(4.27), which simply exploits the soft decided values delivered from the detector by not taking

the channel state information into account, is shown. It can be observed that with increasing

L the approximation (4.27) becomes more and more accurate. The simplified approach to

calculate the LLRs according to (4.28) has approximately the same performance as (4.26) and
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Figure 4.5: SNR gain due to soft decision decoding relative to hard decision decoding versus

spreading code length L for different data detection techniques; uncorrelated Rayleigh fading

channel; fully loaded subsystem; QPSK; R = 1/2; Pb = 10−3

is, hence, not shown. In practice, (4.28) may be preferable when using MMSE equalization due

to the reduced computational complexity. The results in Fig. 4.5 show that MMSE equalization

achieves a soft decision decoding gain of about 3 dB compared to hard decision decoding in the

case of large L. For L equal to 1, the LLRs (4.18) and (4.26) are identical and the performance

of MC-CDMA, MC-FDMA, and MC-TDMA systems is the same. Both (4.18) and (4.26) are

identical in the case of L equal to 1 since w(k) in MC-CDMA is additionally weighted with G
¯ l

compared to w(k) in MC-FDMA and MC-TDMA systems. It has to be mentioned that data

spreading with L equal to 1 is only relevant in the academic sense. The soft decision decoding

gain in the case of L equal to 1 is 5.8 dB with LLRs according to (4.18) and (4.26) and 4.7 dB

with the approximation according to (4.27). Thus, with LLRs an additional gain in SNR of

1.1 dB is achievable compared to soft decision decoding without exploiting the channel state

information.

The motivation for the use of LLRs in MC-CDMA systems with MMSE equalization is as

follows. In the case where the frequency diversity Df , cf. (2.11), offered by the channel is smaller

then the spreading code length L, the achievable soft decision decoding gain depends on the

effective spreading code length which is equal to the frequency diversity Df given by (2.11).

Thus, the corresponding soft decision decoding gain is found in Fig. 4.5 at the spreading code

length equal to Df . Typically, the performance in channels where Df is less than L is worse than

in channels where Df is greater or equal to L. Thus, especially in diversity limited propagation

channels where Df is less than L, the soft decision decoding gain offered by the LLRs (4.26)

and (4.28), respectively, compared to (4.27), should be exploited.
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In the case of JD, the SNR degradation due to the application of MLSE with approximated LLR

according to (4.32) compared to MLSSE with optimum LLR according to (4.31) is shown in

Fig. 4.5. Similar to the uncoded case, the SNR degradation with the simpler MLSE compared

to the MLSSE can be neglected. Moreover, it can be observed that the SNR gains due to

soft decision decoding with MLSSE and MLSE are smaller for large L compared to the SNR

gains with SD using MMSE equalization. For the case with L equal to 1, the performance of

MC-CDMA systems with MLSSE and with MLSE is equal to the performance of MC-FDMA

and MC-TDMA systems using the LLR according to (4.18).

In the following investigations, the LLR according to (4.26) is chosen for SD since it is applicable

to all presented SD techniques in contrast to (4.28). In the case of JD, MLSSE with the

optimum LLR according to (4.31) is used. Furthermore, the single-user bound for the MC-

CDMA reference system with L equal to 8 and the performance for a rate 1/2 coded MC-FDMA

and MC-TDMA system in an uncorrelated Rayleigh fading channel is given as a reference in

the figures presented in this section.

In Fig. 4.6, the average coded BER Pb versus the SNR γb for SD with MRC, ZF equalization,

EGC, and MMSE equalization exploiting the optimum LLRs is depicted. In addition, the
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10 log10(γb) in dB

 10
-4

 10
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-1

P
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MC-CDMA single-user bound 
MC-FDMA/MC-TDMA     
AWGN channel
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ZF equaliz.

EGC

MMSE equaliz.

Figure 4.6: Average coded BER Pb versus SNR γb for SD with MRC, ZF equalization, EGC,

and MMSE equalization; uncorrelated Rayleigh fading channel; L = 8; Kq = 8; QPSK; R = 1/2

performance of the MC-CDMA, MC-FDMA, and MC-TDMA system in the AWGN channel

is shown in Fig. 4.6. It is interesting to observe that MC-FDMA and MC-TDMA systems

require about 0.5 dB less SNR to reach the average coded BER Pb equal to 10−3 than MC-

CDMA systems with MMSE equalization when considering the case with full subsystem load.
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In contrast to the uncoded performance shown in Fig. 3.15, it can be concluded that MC-

CDMA systems exploiting SD with MMSE equalization, MC-FDMA systems, and MC-TDMA

systems achieve similar performance with channel coding of rate R equal to 1/2 and fully loaded

subsystem. Furthermore, it should be noted that the performance of coded MC-CDMA systems

with simple EGC requires only an about 1 dB higher SNR to reach the average coded BER Pb

equal to 10−3 compared to the more complex MC-CDMA systems with MMSE equalization.

With fully loaded subsystem, the SD techniques MRC and ZF equalization are not of interest

in practice.

The average coded BER Pb versus the SNR γb for MD with soft IC, MLSSE, and SD with

MMSE equalization exploiting the optimum LLRs is presented in Fig. 4.7. The performance
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MMSE equalization

MLSSE
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Figure 4.7: Average coded BER Pb versus SNR γb for MD with soft IC after 1st iteration,

MLSSE, and SD with MMSE equalization; uncorrelated Rayleigh fading channel; L = 8;

Kq = 8; QPSK; R = 1/2

of soft IC with genie soft-in/soft-out decoder, cf. (4.39), is shown as reference. MC-CDMA

systems with the MD technique soft IC outperform MC-FDMA and MC-TDMA systems and

also MC-CDMA systems with MLSSE and with MMSE equalization. The performance with

MMSE equalization is the performance obtained after the initial stage with soft IC. Promising

results are obtained with soft IC already after the first iteration. The performance with soft

IC closely approximates the performance of soft IC with a genie soft-in/soft-out decoder and

also the single-user bound and requires already after the first iteration only 0.4 dB and 0.8 dB,

respectively, more SNR to reach the average coded BER Pb equal to 10−3. The important

result is that when re-encoded bits are used for IC, it is possible to outperform JD with MLSSE

followed by soft decision channel decoding. Consequently, it is possible to cancel almost all of
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the MAI after only one detection stage. It should be noted that when re-encoded hard decided

values are used for IC, the performance degradation in SNR of the MC-CDMA reference system

in the uncorrelated Rayleigh fading channel is 0.3 dB compared to soft IC at a coded BER Pb

equal to 10−3.

In the following, the influence of the number of active users on the performance of a coded

MC-CDMA system is investigated. Fig. 4.8 shows the required SNR γb to achieve a BER

Pb equal to 10−3 versus the loading ratio Kq/L. The considered detection techniques MMSE
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Figure 4.8: SNR γb required to achieve a BER of Pb = 10−3 versus loading ratio Kq/L; MMSE

equalization, soft IC after 1st iteration, and MLSSE; uncorrelated Rayleigh fading channel;

L = 8; QPSK; R=1/2

equalization, MLSSE, and soft IC after the 1st iteration show, similar to the uncoded case

given in Fig. 3.18, an increasing SNR degradation with increasing number of active users Kq.

It can be observed that soft IC is the detection technique which best handles MAI compared

to MLSSE and MMSE equalization. With soft IC, the SNR degradation compared to the

single-user bound is, even with full subsystem load, less than 1 dB at a BER Pb equal to 10−3.

To prove the suitability of Turbo codes as channel codes in MC-CDMA mobile radio systems,

the following Turbo coding scheme is chosen. The component codes of the Turbo code are

recursive systematic RCPC codes, each of rate 2/3, resulting in an overall Turbo code rate of R

equal to 1/2. Since the performance with Turbo codes in fading channels cannot be improved

with a memory Mc greater than 2 for a coded BER Pb equal to 10−3 [HRP94], the memory

of the used Turbo code is Mc equal to 2 in order to minimize the computational complexity.

The component decoders exploit the soft output Viterbi algorithm (SOVA) [HaH89]. The

Turbo code interleaver is implemented as a random interleaver [HRP94]. The iterative Turbo
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Figure 4.9: SNR gain with Turbo codes relative to conventional convolutional codes versus

Turbo code interleaver size ITC; uncorrelated Rayleigh fading channel; L = 8; Kq = 8; QPSK;

R = 1/2; Turbo decoding with 10 iterations; Pb = 10−3

decoding in the channel decoder uses 10 iterations. The SNR gain with Turbo codes relative

to the convolutional codes presented in Table 4.1 versus the Turbo code interleaver size ITC is

given in Fig. 4.9 for the average BER Pb equal to 10−3. The results show that MC-FDMA and

MC-TDMA systems most benefit from the application of Turbo codes. It can be observed that

the improvements with Turbo codes at interleaver sizes smaller than 1000 are less than 1 dB

and, in this case, do not justify the additional complexity and delay due to the iterations with

Turbo decoding. Since for speech transmission delays up to 20 ms are tolerable, the Turbo

code interleaver size is limited to approximately 200 when assuming data rates of about 10

kbit/s. Thus, MC-CDMA systems developed for speech transmission cannot profit from Turbo

decoding. Turbo codes may be of interest, for instance, in data transmission applications which

allow greater delays and, thus, greater interleaver sizes.

4.6 Trade-off between Channel Coding and Spreading

In Section 3.4, the achievable SNR gain due to the spread spectrum technique for uncoded

MC-CDMA mobile radio systems relative to uncoded MC-FDMA and MC-TDMA systems is

demonstrated. In Section 4.5, the potential of channel coding is impressively shown by the

significant performance enhancement of MC-FDMA and MC-TDMA systems due to channel

coding. Both effects lead to the task of finding a trade-off between channel code rate and

spreading code length in MC-CDMA mobile radio systems also with respect to different detec-

tion techniques [Kai96]. The following investigations are carried out for MC-CDMA systems
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using either SD with MMSE equalization or JD with MLSSE. Unless otherwise stated, the

parameters defined for the MC-CDMA reference system are used.

In Fig. 4.10, the average BER Pb for code rates R equal to 2/3, 1/2, and 1/3 versus the SNR

γb for MC-CDMA systems using SD with MMSE equalization and for MC-FDMA and MC-

TDMA systems is presented. The case with fully loaded subsystem is considered, i.e., Kq and

L are equal to 8. In Fig. 4.11, the SNR gain achievable with coded MC-CDMA systems using

SD with MMSE equalization relative to coded MC-FDMA and MC-TDMA systems versus the

spreading code length L is shown. The SNR gains are given for different code rates R at a

BER Pb equal to 10−3. The corresponding results for MC-CDMA systems exploiting JD with

MLSSE are presented in Figs. 4.12 and 4.13, respectively. However, due to the complexity of

the MLSSE, only results with spreading codes of length L up to 8 are given in Fig. 4.13. In

Figs. 4.11 and 4.13, the case with fully loaded subsystem and the single-user case is considered.

It is important to note that curves in Figs. 4.11 and 4.13 cannot be used to determine SNR

gains between any MC-CDMA systems with different code rates R. The reason is that SNR

gains presented for different code rates are based on different MC-FDMA and MC-TDMA

reference curves. When comparing curves from Fig. 4.11 with curves with the same code rate

from Fig. 4.13, the gain of MC-CDMA systems with MLSSE compared to MC-CDMA systems

with MMSE equalization is obtained.

From Figs. 4.10 to 4.13 the following important results are obtained:

• In the case with fully loaded subsystem, the performance of MC-CDMA systems is quasi

independent of the spreading code length L, except for MC-CDMA systems with MLSSE

and high code rates greater than 1/2. The performance of MC-CDMA, MC-FDMA, and

MC-TDMA systems is similar for code rates R lower than 2/3 in the case of fully loaded

subsystem. In not fully loaded systems, which are found most often in practice, MC-

CDMA systems can significantly outperform MC-FDMA and MC-TDMA systems. The

reason for the good performance of MC-FDMA and MC-TDMA systems with low rate

codes is that the high redundancy introduced with low rate codes exploits nearly all the

diversity offered by the mobile radio channel.

• The SNR gain achievable with MC-CDMA systems compared to MC-FDMA and MC-

TDMA systems does not change essentially with spreading code length L greater than 8.

It is important to note that this result is obtained in a mobile radio channel which is not

limited in diversity. Thus, MC-CDMA systems using code rates R lower than 2/3 should

use spreading codes of maximum length L equal to 8. Higher spreading code lengths do

not improve the performance but only increase the system complexity.

• The SNR gain achievable with MC-CDMA systems compared to MC-FDMA and MC-

TDMA systems increases with decreasing subsystem load. This effect becomes more

obvious with increasing spreading code length. The reason for this effect lies in the

exploitation of the diversity gain due to data symbol spreading, which dominates with

decreasing MAI.
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Figure 4.10: Average coded BER Pb versus SNR γb for MC-CDMA using SD with MMSE

equalization, MC-FDMA, and MC-TDMA; different code rates; uncorrelated Rayleigh fading

channel; L = 8; Kq = 8; QPSK
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FDMA and MC-TDMA versus spreading code length L for different code rates R; uncorrelated
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channel; fully loaded subsystem and single user case; QPSK; Pb = 10−3
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• The SNR gain achievable with MC-CDMA systems compared to MC-FDMA and MC-

TDMA systems increases with increasing code rate R. This result could be expected,

since in the uncoded case with code rate R equal to 1, MC-CDMA systems significantly

outperform MC-FDMA and MC-TDMA systems, cf. Section 3.4.

A useful illustration of the influence of data symbol spreading, channel coding, and system load

on the bandwidth efficiency β, cf. (1.1), of a mobile radio system is the so-called bandwidth

efficiency plan. The bandwidth efficiency plan depicts the achievable bandwidth efficiency at a

certain BER versus the SNR γb. Figs. 4.14 and 4.15 present the bandwidth efficiency plan of

MC-CDMA systems using JD with MLSSE and of MC-FDMA and MC-TDMA systems. The

results are given for the BER Pb equal to 10−3. The JD technique MLSSE has been chosen for

data detection in the MC-CDMA receiver since its performance is a good compromise between

the enhanced performance achievable with soft IC and the worse performance with simple

MMSE equalization, cf. Fig. 4.7. To be more general, the loss in bandwidth efficiency due to

the guard interval is not taken into account in both bandwidth efficiency plans for the reason

mentioned in Section 3.4. Fig. 4.14 illustrates the influence of channel coding and Fig. 4.15

the influence of data symbol spreading and system load. When comparing both bandwidth

efficiency plans, it can be observed that coded MC-CDMA systems outperform coded MC-

FDMA and MC-TDMA systems when demanding high bandwidth efficiency at low SNRs, as

in the case of UMTS or IMT-2000. It should be noted that in the more probable case with not

fully loaded system, the required SNR in MC-FDMA and MC-TDMA systems remains constant

given a certain BER, whereas in MC-CDMA system the required SNR decreases, cf. Fig. 4.8.

With the results presented in this section, it can be concluded that for code rates R equal to

or greater than 1/2, a higher bandwidth efficiency can be achieved with MC-CDMA systems

compared to MC-FDMA and MC-TDMA systems. Spreading codes of length L up to 8 are

sufficient. When using code rates R lower than 1/2, the additional complexity due to spectrum

spreading in MC-CDMA systems cannot significantly improve the system performance com-

pared to the less complex MC-FDMA or MC-TDMA systems and is thus not always justified.

It should be noted that the application of low rate orthogonal convolutional codes [Vit90] as

spreading and simultaneously as channel codes has been investigated for MC-CDMA systems

in [MaO96, StP97a, MaO97b]. It has been shown that with very low numbers of active users,

MC-CDMA systems with low rate orthogonal convolutional codes can outperform MC-CDMA

systems with separated channel coding and spreading. However, the application of low rate

orthogonal convolutional codes is limited to only a few users [StP97a] since the signals are not

necessarily orthogonal between the users, resulting in possibly severe MAI. Thus, the application

of low rate orthogonal convolutional codes in MC-CDMA systems as spreading and channel code

simultaneously is drastically limited in bandwidth efficiency [StP97a] and cannot reach the high

bandwidth efficiency of MC-CDMA systems with separated channel coding and spreading, as

considered in this thesis.
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Figure 4.14: Bandwidth efficiency plan for coded MC-CDMA systems with MLSSE, L = 8,

and Kq = 8 and for coded MC-FDMA and MC-TDMA systems; uncorrelated Rayleigh fading

channel; QPSK; Pb = 10−3; to be more general, a loss due to the guard interval is not taken

into account

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
10 log10(γb) in dB

0.0

0.5

1.0

1.5

2.0

β 
in

 b
it/

s/
H

z

uncoded
coded, see Fig. 4.14

(8,8) (4,4) (2,2) (1,1)

(2,1)

(4,1)

(8,1)

(8,6)

(8,4)

(8,2)

(16,1)

(   ,    )L Kq

Figure 4.15: Bandwidth efficiency plan for uncoded MC-CDMA systems with MLSSE; uncor-

related Rayleigh fading channel; QPSK; Pb = 10−3; to be more general, a loss due to the guard

interval is not taken into account
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Chapter 5

Channel Estimation for Multi-Carrier

Systems

5.1 Pilot Symbol Aided Channel Estimation in Two Di-

mensions

When applying receivers with coherent detection, cf. Chapter 3, and with soft decision decoding,

cf. Chapter 4, in fading channels, information about the channel state is required and has to

be estimated by the receiver. The basic principle of pilot symbol aided channel estimation

is to multiplex pilot symbols into the data stream. The receiver estimates the channel state

information based on the received pilot symbols. In single carrier modulated systems, channel

estimation is carried out by inserting pilot symbols or pilot sequences in the serial data stream

in time direction to estimate the channel impulse response h
¯
(τ, t), as applied in the GSM

system [Ste94]. However, particularly transmission systems with MC modulation allow channel

estimation in two dimensions by inserting pilot symbols on different subcarriers in frequency

direction in addition to the time direction, with the intention to estimate the channel transfer

function H
¯

(f, t) [Höh91, CSM95, San96, HKR97a, HKR97b]. By choosing the distances of the

pilot symbols in time and frequency direction sufficiently small with respect to the channel

bandwidth, estimates of the channel transfer function can be obtained by interpolation. The

channel estimation in two dimensions designed in this chapter is applicable to various MC

modulated systems like, for instance, MC-CDMA, MC-FDMA, or MC-TDMA mobile radio

systems.

The presented channel estimation operates on OFDM frames where H
¯

(f, t) is estimated sepa-

rately for each transmitted OFDM frame, allowing burst transmission based on OFDM frames.

The discrete-frequency and -time representation H
¯ n,i of the channel transfer function intro-

duced in (2.26) is used in the sequel. The values n = 1, . . . , Nc and i = 1, . . . , Ns are the

frequency and time indices of the fading process where Nc is the number of subcarriers per

OFDM symbol and Ns is the number of OFDM symbols per OFDM frame. The estimates of

the discrete channel transfer function are denoted as Ĥ
¯ n,i, n = 1, . . . , Nc, i = 1, . . . , Ns. An

OFDM frame consisting of Ns equal to 13 OFDM symbols, each with Nc equal to 11 subcarriers,

is shown in Fig. 5.1. The rectangular arrangement of the pilot symbols shown in Fig. 5.1 is
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time
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data bearing symbol
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actual channel estimation position

distances needed for computation of:

autocorrelation function

crosscorrelation function

Figure 5.1: OFDM frame with rectangularly distributed pilot symbols; Nc = 11; Ns = 13;

Nf = 5; Nt = 4; Ngrid = 12; Ntap = 4

referred to as rectangular grid. The distance between two pilot symbols in frequency direction

is Nf and in time direction is Nt. In the example given in Fig. 5.1, Nf is equal to 5 and Nt is

equal to 4. The choice of a rectangular grid is motivated by the results presented in [HKR97b]

where the performance of rectangularly, diagonally, and randomly distributed pilot symbols in

an OFDM frame is investigated. A channel estimation either with rectangularly or with diago-

nally distributed pilot symbols shows similar performance but outperforms channel estimation

with randomly distributed pilot symbols [HKR97b].

The received symbols of an OFDM frame are given by

R
¯ n,i = H

¯ n,i S¯n,i + N
¯ n,i, n = 1, . . . , Nc, i = 1, . . . , Ns, (5.1)

where S
¯n,i and N

¯ n,i are the transmitted symbols and the noise components, respectively, see

(3.13). The indices n, i indicate the position of both the symbols and the noise components in

time and frequency direction within an OFDM frame.

Assuming that the first pilot symbol in the rectangular grid is located in the first subcarrier of

the first OFDM symbol in an OFDM frame, the pilot symbols are given by S
¯ (p−1)Nf+1,(q−1)Nt+1,

p = 1, . . . , dNc/Nfe, q = 1, . . . , dNs/Nte. For brevity, the pilot symbols are written as S
¯n′,i′ ,

where the frequency and time indices at locations of pilot symbols are marked as n′ and i′, i.e.,

n′ = (p − 1)Nf + 1, p = 1, . . . , dNc/Nfe (5.2)

and

i′ = (q − 1)Nt + 1, q = 1, . . . , dNs/Nte. (5.3)

The set of pilot positions in an OFDM frame is P . The number of pilot symbols in an OFDM

frame results in

Ngrid =
⌈
Nc

Nf

⌉ ⌈
Ns

Nt

⌉

= ||P||. (5.4)
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The two-dimensional (2-D) pilot symbol aided channel estimation operates in two steps:

• In a first step, the initial estimate Ȟ
¯ n′,i′ of the channel transfer function at positions

where pilot symbols are located is obtained by dividing the received pilot symbol R
¯ n′,i′

by the originally transmitted pilot symbol S
¯n′,i′ , i.e.,

Ȟ
¯ n′,i′ =

R
¯ n′,i′

S
¯n′,i′

= H
¯ n′,i′ +

N
¯ n′,i′

S
¯n′,i′

, ∀{n′, i′} ∈ P . (5.5)

• In a second step, the final estimates of the complete channel transfer function belong-

ing to the desired OFDM frame are obtained from the initial estimates Ȟ
¯ n′,i′ by a 2-D

interpolation or filtering, respectively. The 2-D filtering is given by

Ĥ
¯ n,i =

∑

{n′,i′}∈Tn,i

ω
¯n′,i′,n,i Ȟ¯ n′,i′ , Tn,i ∈ P , n = 1, . . . , Nc, i = 1, . . . , Ns, (5.6)

where ω
¯n′,i′,n,i is the shift-variant 2-D impulse response of the filter. The subset Tn,i ∈ P

is the set of initial estimates Ȟ
¯ n′,i′ that are actually used for estimation of Ĥ

¯ n,i. The

number of filter coefficients is

Ntap = ||Tn,i|| ≤ Ngrid. (5.7)

In the OFDM frame illustrated in Fig. 5.1, Ngrid is equal to 12 and Ntap is equal to 4. In the

following, all statements made for values and functions with the index n, i are valid for each

n = 1, . . . , Nc, i = 1, . . . , Ns.

5.2 Theory of Two-Dimensional Wiener Filtering

The criterion for the evaluation of the channel estimator is the mean square value of the

estimation error

ε
¯n,i = H

¯ n,i − Ĥ
¯ n,i. (5.8)

The mean square error is given by

Jn,i = E{|ε
¯n,i|2}. (5.9)

The optimal filter in the sense of minimizing Jn,i with the MMSE criterion is the 2-D Wiener

filter [Hay86]. The filter coefficients of the 2-D Wiener filter are obtained by applying the

orthogonality principle in linear mean square estimation [Hay86, Pap91],

E{ε
¯n,i Ȟ¯

∗

n′′,i′′} = 0, ∀{n′′, i′′} ∈ Tn,i. (5.10)

The orthogonality principle states that the mean square error Jn,i, is minimum if the filter

coefficients ω
¯n′,i′,n,i, ∀{n′, i′} ∈ Tn,i, are selected such that the error ε

¯n,i is orthogonal to all
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initial estimates Ȟ
¯

∗

n′′,i′′ , ∀{n′′, i′′} ∈ Tn,i. The orthogonality principle leads to the Wiener-Hopf

equation [Pap91], stating that

E{H
¯ n,iȞ¯

∗

n′′,i′′} =
∑

{n′,i′}∈Tn,i

ω
¯n′,i′,n,i E{Ȟ

¯ n′,i′Ȟ¯

∗

n′′,i′′}, ∀{n′′, i′′} ∈ Tn,i. (5.11)

The crosscorrelation function E{H
¯ n,iȞ¯

∗

n′′,i′′} is introduced as

θ
¯n−n′′,i−i′′ = E{H

¯ n,iȞ¯

∗

n′′,i′′}. (5.12)

With (5.5) and by assuming that N
¯ n′′,i′′ has zero mean and is statistically independent from

the pilot symbols S
¯n′′,i′′ , the crosscorrelation function E{H

¯ n,iȞ¯

∗

n′′,i′′} is equal to the discrete

time-frequency correlation function E{H
¯ n,iH¯

∗
n′′,i′′}, i.e.,

θ
¯n−n′′,i−i′′ = E{H

¯ n,iH¯
∗
n′′,i′′}. (5.13)

The time-frequency correlation function is the Fourier transform of the delay cross-power spec-

tral density ρ
¯
(τ, ∆t), cf. (2.4). The autocorrelation function E{Ȟ

¯ n′,i′Ȟ¯

∗

n′′,i′′} in (5.11) is given

by

φ
¯n′−n′′,i′−i′′

= E{Ȟ
¯ n′,i′Ȟ¯

∗

n′′,i′′} (5.14)

and can be written in the form

φ
¯n′−n′′,i′−i′′

= θ
¯n′−n′′,i′−i′′ +

σ2

E{|S
¯n′,i′ |2}

δn′−n′′,i′−i′′ . (5.15)

The crosscorrelation function (5.12) depends on the distances between the actual channel esti-

mation position n, i and all pilot positions n′′, i′′, whereas the autocorrelation function (5.14)

depends only on the distances between the pilot positions and, hence, is independent of the

actual channel estimation position n, i. Both relations are illustrated in Fig. 5.1. In this thesis,

it is assumed that the second moment E{|S
¯n,i|2}, corresponding to the mean energy of the

symbols S
¯n,i, is equal for all transmitted symbols S

¯n,i, n = 1, . . . , Nc, i = 1, . . . , Ns, including

pilot symbols. With (3.50), the autocorrelation function φ
¯n′−n′′,i′−i′′

for MC-CDMA systems is

given by

φ
¯n′−n′′,i′−i′′

= θ
¯n′−n′′,i′−i′′ +

1

γc

δn′−n′′,i′−i′′ , (5.16)

assuming that the average SNR γc on all subcarriers, i.e., in all subsystems, is equal. It is

important to note that in the synchronous downlink of MC-CDMA systems the pilot symbols

of the Kq users are transmitted simultaneously on the same positions. Thus, the total available

energy of the pilot symbols in an OFDM frame which can be exploited per user increases

with increasing number of users. On the other hand, the energy of a pilot symbol per user

decreases with increasing spreading code length L. When the channel estimation is applied in

MC systems which do not exploit the spread spectrum technique, the SNR γc is equal to the

SNR γs, cf. (3.51).

The pilot symbols S
¯n′,i′ can also be transmitted with higher average energy than the data

bearing symbols S
¯n,i, n 6= n′, i 6= i′. Pilot symbols with increased energy are called boosted

Samsung Exhibit 1012, Page 171 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



91

pilot symbols. The boosting of pilot symbols is for example specified in the European DVB-T

standard and achieves better estimates of the channel but reduces the average SNR of the data

symbols. The choice of an appropriate boosting level for the pilot symbols is investigated in

[HKR97b]. As mentioned before, the pilot symbols used in this thesis are not boosted in energy.

Inserting (5.12) and (5.14) into (5.11) yields in vector notation

θ
¯

T
n,i = ω

¯
T
n,i Φ

¯
, (5.17)

where Φ
¯

is the Ntap × Ntap autocorrelation matrix and θ
¯n,i is the crosscorrelation vector of

length Ntap. The vector ω
¯ n,i of length Ntap represents the filter coefficients ω

¯n′,i′,n,i required to

obtain the estimate Ĥ
¯ n,i. Hence, the filter coefficients of the optimum 2-D Wiener filter are

ω
¯

T
n,i = θ

¯
T
n,i Φ

¯
−1, (5.18)

when assuming that the auto- and crosscorrelation functions are perfectly known and

Ntap = Ngrid. (5.19)

Since 2-D Wiener filters in general tend to have a large computational complexity, the choice

of two cascaded 1-D Wiener filters working sequentially can give a good trade-off between

performance and complexity [Höh91, HKR97a, HKR97b]. In the following two sections, the

performance of a Wiener filter implemented as a 2-D finite impulse response (FIR) filter and

implemented as two one-dimensional (2× 1-D) FIR filters working sequentially is analyzed.

The implementation with model mismatch, i.e., the case when the correlation functions used

in the filter design and those of the actual channel do not match, is taken into account in the

analysis. Hence, the filter coefficients, whether they are optimal or suboptimal with respect to

the channel correlation functions, are generally denoted by

ω̃
¯

T
n,i = θ̃

¯

T

n,i Φ̃
¯

−1
(5.20)

in the sequel. When explicitly treating with the optimum correlation functions and filter

coefficients, the notation given in (5.18) is used.

5.3 Performance Analysis with Model Mismatch

5.3.1 Two-Dimensional FIR Filter

For a given set of filter coefficients ω̃
¯ n,i of a 2-D FIR filter, (5.6) can be written in vector

notation as

Ĥ
¯ n,i = ω̃

¯
T
n,i ȟ

¯
. (5.21)
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The vector ȟ
¯

of length Ntap represents the subset Tn,i ∈ P of the initial channel estimates Ȟ
¯ n′,i′

according to (5.5) which are required to obtain the estimate Ĥ
¯ n,i. Substitution of (5.21) into

(5.9) yields the mean square error

Jn,i = E{(H
¯ n,i − ω̃

¯
T
n,i ȟ

¯
)(H

¯
∗
n,i − ȟ

¯

H
ω̃
¯
∗
n,i)}

= E{|H
¯ n,i|2} − E{H

¯ n,i ȟ¯

H} ω̃
¯
∗
n,i − ω̃

¯
T
n,iE{ȟ¯ H

¯
∗
n,i} + ω̃

¯
T
n,i E{ȟ¯ȟ

¯

H} ω̃
¯
∗
n,i

= E{|H
¯ n,i|2} − θ

¯
T
n,iω̃¯

∗
n,i − ω̃

¯
T
n,iθ¯

∗
n,i + ω̃

¯
T
n,iΦ¯

ω̃
¯
∗
n,i, (5.22)

where θ
¯n,i and Φ

¯
are the exact cross- and autocorrelation matrices, respectively. The symbol

(.)H denotes the Hermitian transposition which is the conjugate complex transposition (.)∗T of

a vector or a matrix. Substitution of (5.20) into (5.22) yields the mean square error valid for

any FIR filter by taking into account also model mismatch. If the cross- and autocorrelation

functions are known perfectly, the MMSE is obtained by inserting (5.18) into (5.22), resulting

in

Jn,i = E{|H
¯ n,i|2} − θ

¯
T
n,iΦ¯

−1θ
¯
∗
n,i. (5.23)

5.3.2 Two Cascaded One-Dimensional FIR Filters

The principle of 2× 1-D filtering is depicted in Fig. 5.2. Filtering in the frequency direction

on OFDM symbols containing pilot symbols, followed by filtering in time direction on all

subcarriers is shown. This ordering is chosen to enable filtering in frequency direction directly

time

freq.

1 N
N

1

s
c

data bearing symbol

pilot symbol

.  .  .

1st filtering on pilot symbol

2nd filtering on

bearing OFDM symbols

each subcarrier

Figure 5.2: Principle of 2× 1-D FIR filtering

after receiving a pilot symbol bearing OFDM symbol and, thus, to reduce the overall filtering

delay. However, the opposite ordering would achieve the same performance due to the linearity

of the filters. The filter directions of the two FIR filters in frequency and time are orthogonal

to each other, see Fig. 5.2. Moreover, in the mobile radio channel, it can be assumed that the

Samsung Exhibit 1012, Page 173 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



93

delay power density spectrum ρ(τ), cf. (2.6), and the Doppler power density spectrum SfD
(fD),

cf. (2.12), are statistically independent. Thus, the time-frequency correlation function can be

separated in the frequency correlation function θ
¯
(∆f) according to (2.10) which is the Fourier

transform of ρ(τ) and in the time correlation function θ
¯
(∆t) according to (2.14) which is the

inverse Fourier transform of SfD
(fD). The discrete frequency correlation function θ

¯n−n′′ is the

sampled version of (2.10) and the discrete time correlation function θ
¯i−i′′ is the sampled version

of (2.14). The mean square error of the two cascaded 1-D FIR filters working sequentially is

obtained in two steps. Values and functions related to the first filtering are marked with the

index [1] and values and functions related to the second filtering are marked with the index [2].

1. The estimates delivered by the first 1-D FIR filter with coefficients ω̃
¯

[1]
n are

Ĥ
¯

[1]

n,i′ = ω̃
¯

[1]T
n ȟ

¯ i′ . (5.24)

The filter coefficients given by the vector ω̃
¯

[1]
n only depend on the frequency index n.

The vector ȟ
¯ i′ of length N

[1]
tap represents the subset T [1]

n,i′ ∈ P of the initial estimates

Ȟ
¯ n′,i′ according to (5.5) of the i′th OFDM symbol used for the estimation of Ĥ

¯

[1]

n,i′ . This

operation is performed in all dNs/Nte pilot symbol bearing OFDM symbols. Given (5.22),

the corresponding mean square error with the first 1-D FIR filter is

J [1]
n = E{|H

¯ n,i|2} − θ
¯

T
n ω̃

¯
[1]∗
n − ω̃

¯
[1]T
n θ

¯
∗
n + ω̃

¯
[1]T
n Φ

¯
ω̃
¯

[1]∗
n . (5.25)

2. The estimates delivered by the second 1-D FIR filter with coefficients ω̃
¯

[2]
i are

Ĥ
¯ n,i = Ĥ

¯

[2]

n,i = ω̃
¯

[2]T
i h

¯
[1]
n . (5.26)

The filter coefficients given by the vector ω̃
¯

[2]
i only depend on the time index i. The

vector h
¯

[1]
n of length N

[2]
tap represents the subset T [2]

n,i ∈ P of the estimates obtained from

the first filtering and used for the second filtering on the nth subcarrier for the estimation

of Ĥ
¯

[2]

n,i. (5.26) is performed for all Nc subcarriers. The mean square error with 2× 1-D

FIR filtering yields [HKR97b]

Jn,i = J
[2]
n,i = E{|H

¯ n,i|2} − E{H
¯ n,ih¯

[1]H
n }ω̃

¯
[2]∗
i − ω̃

¯
[2]T
i E{h

¯
[1]
n H

¯
∗
n,i} + ω̃

¯
[2]T
i E{h

¯
[1]
n h

¯
[1]H
n }ω̃

¯
[2]∗
i .

(5.27)

The crosscorrelation function E{H
¯ n,iĤ¯

[1]∗

n,i′} in (5.27) is equal to the discrete time correla-

tion function written as

θ
¯

[1]
i−i′ = E{H

¯ n,iĤ¯

[1]∗

n,i′}. (5.28)

The error

ε
¯

[1]
n,i′ = Ĥ

¯

[1]

n,i′ − H
¯ n,i′ (5.29)

between the estimates after the first filtering and the real channel state is a zero mean

noise process with variance

E{|ε
¯

[1]
n,i′ |} = J [1]

n . (5.30)

Samsung Exhibit 1012, Page 174 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



94

Thus, with (5.28) and (5.30), the autocorrelation function in (5.27) is [HKR97b]

E{Ĥ
¯

[1]

n,i′Ĥ¯

[1]∗

n,i′′} = J [1]
n δi′−i′′ + θ

¯
[1]
i′−i′′ . (5.31)

Inserting (5.28) and (5.31) in (5.27) results in the mean square error obtained with 2×
1-D FIR filtering. A suitable approximation to take into account the SNR improvement

after the first iteration is to choose J [1]
n in (5.31) equal to 1/(γc 10 log10(N

[1]
tap)) [HKR97b].

This approximation is used in the case of 2× 1-D FIR filtering in the sequel.

5.4 Filter Design

A filter is designed by determining the filter coefficients ω̃
¯ n,i. In the following, the general case

of 2-D filtering is considered. The filter coefficients for the of 2× 1-D filters are obtained from

the 2-D filter coefficients by omitting the dimension which is not required in the corresponding

1-D filter. With (5.13), (5.16), and (5.20), the 2-D filter coefficients can be calculated, given the

discrete time-frequency correlation function of the channel θ
¯n−n′′,i−i′′ and the average SNR γc.

The discrete time-frequency correlation function θ
¯n−n′′,i−i′′ can be separated into the discrete

frequency correlation function θ
¯n−n′′ and into the discrete time correlation function θ

¯i−i′′ as

described in Section 5.3.2. Hence, the optimum filter has to be adapted to the power density

spectra ρ(τ), cf. (2.6), and SfD
(fD), cf. (2.12), of the mobile radio channel. However, since in

practice ρ(τ) and SfD
(fD) are not perfectly known in the receiver, the filters of the channel

estimator have to be designed according to the following requirements:

• A great variety of delay power density spectra whether they are exponentially decreasing

or not, with different delay spreads should be covered.

• A great variety of Doppler power density spectra like classical, Gaussian, and other power

density spectra with different maximum Doppler frequencies should be covered.

• The correlation functions θ̃
¯n,i and Φ̃

¯
should be real-valued functions with the intention

of achieving real-valued filter coefficients ω̃
¯ n,i, cf. (5.20), and, thus, to reduce the compu-

tational complexity. This corresponds to filtering the quadrature components of H
¯ n,i by

two identical, independent, real-valued filters. Hence, the computational effort is reduced

by a factor of approximately two compared to the filter with complex-valued coefficients.

With these requirements, an appropriate solution is to adapt the filters to uniform power density

spectra. By choosing the filter parameter τfilter equal to the maximum expected delay of the

mobile radio channel τmax, the normalized delay power density spectrum used for the filter

design is given by

ρfilter(τ) =







1
τfilter

|τ | < τfilter
2

0 otherwise
. (5.32)
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Furthermore, by choosing the filter parameter fD,filter equal to the maximum expected Doppler

frequency of the mobile radio channel fDmax , the normalized Doppler power density spectrum

used for the filter design is

SfD,filter(fD) =







1
2fD,filter

|fD| < fD,filter

0 otherwise
. (5.33)

With the selection of uniform power density spectra, the discrete frequency correlation functions

result in

θ̃
¯n−n′′ =

sin(π τfilter (n − n′′) Fs)

π τfilter (n − n′′) Fs

(5.34)

and the discrete time correlation function yields

θ̃
¯i−i′′ =

sin(2π fD,filter (i − i′′) T ′
s)

2π fD,filter (i − i′′) T ′
s

. (5.35)

Finally, with (5.16), the autocorrelation function is obtained according to

φ̃
¯n′−n′′,i′−i′′

= θ̃
¯n′−n′′ θ̃

¯i′−i′′ +
1

γc

δn′−n′′,i′−i′′ . (5.36)

The following aspects are of importance with respect to low computational complexity when

implementing FIR filters for channel estimation:

• The filter coefficients should be time invariant.

• The autocorrelation matrix Φ̃
¯

is independent of the actual coordinate (n, i) so that Φ̃
¯

−1

should be precomputed and stored.

• Different sets of the crosscorrelation vector θ̃
¯n,i may be precomputed and stored as well,

taking symmetries in the pilot symbol grid into account, cf. Fig. 5.1.

• The optimum number of filter coefficients per estimation is Ntap equal to Ngrid. The

complexity can be significantly reduced if only a subset Tn,i ∈ P of Ntap less than Ngrid

pilot symbols is chosen. The trade-off between complexity and performance is adjustable,

cf. Section 5.6.

5.5 Pilot Symbol Grid Based on the Two-Dimensional

Sampling Theorem

In the previous section, the 2-D filter coefficients are adapted to an appropriate delay power

density spectrum and Doppler power density spectrum. In this section, the arrangement of the

pilot symbols in an OFDM frame is presented, by applying the 2-D sampling theorem. Given
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the normalized filter bandwidths τfilter/2 · Fs and fD,filterT
′
s , the sampling theorem requires that

the distance of the pilot symbols in frequency direction is

Nf ≤
1

τfilter Fs

(5.37)

and in time direction is

Nt ≤
1

2 fD,filter T ′
s

. (5.38)

An optimum sampling of the channel transfer function is given by a balanced design which

guarantees that the channel is sampled in time and in frequency with same sampling rate. The

balanced design is defined as [HKR97a]

fD,filter T ′
s Nt ≈

1

2
τfilter Fs Nf . (5.39)

It is verified in the next section that a good choice is the selection of approximately two-

times oversampling to achieve a reasonably low complexity with respect to the filter length and

performance. With two-times oversampling the pilot distance in frequency direction results in

Nf ≈
1

2 τfilter Fs

(5.40)

and in time direction in

Nt ≈
1

4 fD,filter T ′
s

. (5.41)

Since Nf and Nt are integer variables, (5.40) and (5.41) can in general only be fulfilled approx-

imately. A practical hint concerning the performance of the channel estimation is to design

the pilot grid such that the first and the last OFDM symbol and subcarrier, respectively, in an

OFDM frame contains pilot symbols, see Fig. 5.2. Otherwise, the channel estimation has to

carry out a prediction for the estimates on the edges of the OFDM frame.

Besides the mean square error of a channel estimation, a criterion for the efficiency of a channel

estimation is the overhead due to pilot symbols and the loss in SNR due to pilot symbols. The

overhead due to pilot symbols is given by

Λ =
Ngrid

Nc Ns

, (5.42)

and the SNR loss in dB due to pilot symbols is defined as

Vpilot = 10 log10

(
1

1 − Λ

)

. (5.43)

5.6 Mean Square Error Performance

In this section, the mean square error performance of the above described channel estimation

is investigated. To evaluate and optimize the channel estimation, an MC reference scenario
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typical for mobile radio systems is defined. The presented results are valid for any MC system

with the same filter choice and pilot symbol grid as the MC reference scenario and are not

limited to MC-CDMA systems only. The channel estimation of the MC reference scenario is

based on an OFDM frame structure which corresponds to that used in the MC-CDMA mobile

radio system investigated in Chapter 6. Therefore, the frequency band and the OFDM frame

structure used in Chapter 6 are presented first, before defining the filter parameters and the

pilot symbol grid of the channel estimation adapted to that OFDM frame structure.

The frequency band used in the MC reference scenario with channel estimation and also in the

MC-CDMA mobile radio system investigated in Chapter 6 has a bandwidth of

B = 2 MHz (5.44)

and is located at a carrier frequency of

fc = 1.8 GHz. (5.45)

The number of subcarriers per OFDM symbol is chosen to be

Nc = 512, (5.46)

where the OFDM operation and its inverse is realized with an IFFT and FFT, respectively, of

size 512. Thus, a subcarrier spacing of

Fs = 3.9 kHz (5.47)

and an OFDM symbol duration of

Ts = 256 µs (5.48)

are obtained. To avoid ISI in the data detection, each OFDM symbol is cyclically extended by

a guard interval of duration

Tg = 20 µs, (5.49)

which is equal to or longer than the maximum delay τmax of the CODIT and COST 207 channel

models applied in this thesis. The total OFDM symbol duration including the guard interval

duration is

T ′
s = 276 µs. (5.50)

Thus, the coherence bandwidth (∆f)c of the channel, cf. (2.9), has to be greater than 3.9

kHz and the coherence time (∆t)c of the channel, cf. (2.13), has to be greater than 276 µs to

guarantee time-invariant flat fading per subcarrier and OFDM symbol. When applying (2.9)

and (2.13), it can be seen that this conditions are satisfied even for the worst case mobile radio

scenarios defined in Section 2.2.1, see Tables 2.3 and 2.4. The considered MC transmission

scheme processes one OFDM frame per estimation cycle. An OFDM frame consists of

Ns = 24 (5.51)

Samsung Exhibit 1012, Page 178 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



98

time

freq.

data bearing symbol of OFDM 
frame to be detected 

pilot symbol of OFDM frame 
to be detected

. . .

data bearing symbol of previous
OFDM frame

pilot symbol of previous OFDM 
frame; used for channel estimation
of actual OFDM frame

1

1

24

511

T  = 6.6 msfr

Figure 5.3: OFDM frame defined by the MC reference scenario; N ′
c = 511; Ns = 24; Nf = 6;

Nt = 3; Ngrid = 774

OFDM symbols as depicted in Fig. 5.3. The OFDM frame duration, cf. (3.15), results in

Tfr = 6.6 ms. (5.52)

The MC-CDMA system under investigation in Chapter 6 should operate in propagation scenar-

ios typical for future mobile radio systems. The highest demands on the channel estimation are

given in macrocell scenarios which are characterized by large delay spreads and high Doppler

frequencies. Thus, taking into account the propagation scenarios defined in Section 2.2.1, the

parameters τfilter and fD,filter of the channel estimation filter are chosen as

τfilter = 20 µs (5.53)

and

fD,filter = 333.3 Hz, (5.54)

where fD,filter is obtained with a velocity of v = 200 km/h of the MS, having a path with an

angle of incidence of 0 radians.

Given these constraints, the normalized channel bandwidths are

τfilter/2 · Fs ≈ 0.039, (5.55)

fD,filterT
′
s ≈ 0.092. (5.56)

With (5.40) and (5.41), a balanced design with approximately two times oversampling is given

with a pilot symbol spacing of

Nf = 6 (5.57)
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in frequency direction and of

Nt = 3 (5.58)

in time direction. The OFDM frame defined for the MC reference scenario and for the MC-

CDMA mobile radio system investigated in Chapter 6 is illustrated in Fig. 5.3. As mentioned

in the previous section, it is of advantage to design the OFDM frame such that pilot symbols

are located on the edges of the OFDM frame. In time direction, the last OFDM symbol with

pilot symbols of the previous OFDM frame can be used for filtering, cf. Fig. 5.3, [KaH97a].

With a pilot spacing of Nf equal to 6 in frequency direction, while starting and ending with

a subcarrier containing pilot symbols, a number N ′
c equal to 511 used subcarriers per OFDM

symbol is obtained and is considered in the sequel. The resulting overhead Λ due to pilot

symbols, cf. (5.42), is 5.6%. With pilot symbols and data symbols having the same average

energy, the loss in SNR Vpilot due to pilot symbols, cf. (5.43), is only 0.3 dB in the defined MC

reference scenario. Table 5.1 briefly summarizes the parameters of the MC reference scenario

with channel estimation.

Table 5.1: Parameters of the MC reference scenario with channel estimation in two dimensions

bandwidth B = 2 MHz

carrier frequency fc = 1.8 GHz

OFDM frame duration Tfr = 6.6 ms

number of OFDM symbols per OFDM frame Ns = 24

OFDM, inverse OFDM 512 point IFFT, 512 point FFT

OFDM symbol duration including guard interval T ′
s = 276 µs

guard interval duration Tg = 20 µs

subcarrier spacing Fs = 3.9 kHz

total number of subcarriers used N ′
c = 511

pilot symbol distance in frequency Nf = 6

pilot symbol distance in time Nt = 3

delay filter bandwidth τfilter = 20 µs

Doppler filter bandwidth fD,filter = 333.3 Hz

The performance criterion for the evaluation of the channel estimation is the mean square error

J =
1

Nc Ns

Nc∑

n=1

Ns∑

i=1

Jn,i, (5.59)

which is the mean square error Jn,i, cf. (5.9), averaged over an OFDM frame. Thus, edge

effects are also taken into account. The mean square error J is presented for channels which

are normalized in the power according to (3.49). The information about the SNR γc required

Samsung Exhibit 1012, Page 180 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



100

for the calculation of Φ
¯

is assumed to be known perfectly at the receiver. In practice, γc can

be estimated by transmitting a null-symbol without signal energy at the beginning of each

OFDM frame as described in Section 3.3.1. Alternatively, similar to the approach taken with

suboptimal MMSE equalization, cf. Section 3.3.2, the autocorrelation function can be optimized

for the lowest SNR at which successful data transmission should be possible. After that, no

information about the actual SNR γc is used during channel estimation. The mean square error

degradation with this approach is shown at the end of this section.

The mean square error of 2-D FIR filtering and 2× 1-D FIR filtering without model mismatch

applied in the MC reference scenario is presented and compared in the sequel. The used mobile

radio channel has a uniform delay power spectrum with τmax = 20 µs and a uniform Doppler

power density spectrum with fDmax = 333.3 Hz, modelled according to the COST 207 approach

with Np equal to 100 paths with equal amplitude. In Fig. 5.4, the mean square error J versus the

SNR γc for 2-D FIR filtering with different numbers of filter taps is shown. The corresponding

0 5 10 15 20 25 30
10 log10(γc) in dB

10
-3

10
-2

10
-1

10
0

J

10 taps

25 taps

100 taps

Figure 5.4: Mean square error J versus SNR γc for 2-D FIR filtering with different numbers of

filter taps; no model mismatch; v = 200 km/h

results for 2× 1-D FIR filtering without model mismatch are presented in Fig. 5.5. It can be

observed in Figs. 5.4 and 5.5, that the mean square error decreases with increasing numbers of

taps. The mean square error presented with 2-D FIR filtering using 100 taps can be considered

as a lower bound. In the case of 2-D FIR filtering, 25 taps seems to be reasonable with respect

to mean square error performance and complexity. In the case of 2× 1-D FIR filtering, it can be

observed that 2× 3 taps, i.e., 3 taps for each FIR filter, performs significantly worse compared

to 2 × 5 taps or more. 2 × 5 taps is a reasonable choice with respect to mean square error

performance and complexity. A further increase of Ntap only reduces the mean square error
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Figure 5.5: Mean square error J versus SNR γc for 2× 1-D FIR filtering with different numbers

of filter taps; no model mismatch; v = 200 km/h

slightly. Moreover, with 2× 5 taps, the performance with 2× 1-D FIR filtering is similar to the

performance with 2-D FIR filtering with 25 taps. Based on this results, 2× 1-D FIR filtering

with 2 × 5 taps is chosen for channel estimation in the sequel.

After selecting the filter, it is important to know the degradation due to model mismatch, i.e.,

due to the mismatch of the correlation functions used in the filter design and those of the

actual channel. In a first step, the mean square error of the defined channel estimation in

different macro-, micro-, and picocell scenarios defined in the CODIT and COST 207 studies,

cf. Section 2.2.1, versus the SNR γc is shown in Figs. 5.6 and 5.7, respectively. The velocity

v of the MS is equal to 3 km/h. As a reference, the mean square error curve without model

mismatch for 2× 1-D FIR filtering with 2×5 taps, cf. Fig. 5.5, is given. It may be surprising that

the proposed channel estimation provides a better performance in channels with large delay

spread than in channels with low delay spread. The reason for this effect is that a channel

with a delay power density spectrum which matches more closely with that chosen for the

filter design, also matches more closely with the performance without model mismatch and,

thus, shows a better mean square error performance. Summarizing, the degradation in SNR γc

compared to the case with no model mismatch is in the range of 1 dB up to 3 dB.

In a second step, the influence of different Doppler power density spectra is considered. Further-

more, the effect when the condition of two-times oversampling is hurt in mobile radio channels

with Doppler frequencies larger than 333.3 Hz is investigated. Fig. 5.8 shows the mean square

error J of the defined channel estimation for different velocities v of the MS in the CODIT

channel model SU versus the SNR γc. As a reference, the mean square error curve without
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Figure 5.6: Mean square error J versus SNR γc for 2× 1-D FIR filtering for different CODIT

channel models; 2 × 5 taps; v = 3 km/h
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Figure 5.7: Mean square error J versus SNR γc for 2× 1-D FIR filtering for different COST 207

channel models; 2 × 5 taps; v = 3 km/h

model mismatch for 2× 1-D FIR filtering with 2 × 5 taps is given. It is impressive to see that

there is approximately no change in the mean square error with different velocities v of the
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Figure 5.8: Mean square error J versus SNR γc for 2× 1-D FIR filtering for different velocities

of the MS; CODIT channel model SU; 2 × 5 taps

MS as long as two-times oversampling of the fading process is guaranteed. For the defined MC

reference scenario two-times oversampling is given for a velocity v equal to 200 km/h. As soon

as the rule of two-times oversampling is hurt, shown for the case with the velocity of v equal to

250 km/h, the mean square error considerably increases. In the investigated SNR range from

0 dB up to 30 dB, only the curve which hurts the rule of two-times oversampling flattens out.

This result is verified in Fig. 5.9 where the mean square error J of the defined channel estima-

tion for different velocities v of the MS in the COST 207 channel model HT versus the SNR

γc is depicted. The HT propagation area is chosen, since it has a different delay power density

spectrum compared to the SU propagation area. The curves presented in Fig. 5.9 confirm the

statement that two-times oversampling is an appropriate choice for a filter design. It can be

concluded that for different velocities v of the MS the degradation in SNR γc compared to the

case with no model mismatch is in the range of 1 dB up to 2 dB, as long as the rule of two-times

oversampling is fulfilled.

Fig. 5.10 shows the mean square error J obtained with the proposed channel estimation when

the autocorrelation matrix Φ
¯

is optimized for an SNR 10 log10(γc) of 10 dB. During the channel

estimation no information about the actual SNR γc is used to optimally adapt the filter coef-

ficients, otherwise no model mismatch. It can be seen that accurate results are obtained in a

span of about 15 dB with mean at 10 dB. For higher SNRs, the mean square error obtained with

the simplified channel estimation strongly flattens out. Thus, the application of the simplified

channel estimation which requires no estimation of γc depends on whether the high error floor

is acceptable or not. Otherwise, it depends on the SNR dynamic range at the input of the

receiver whether the simplified channel estimation is applicable or not.
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Figure 5.9: Mean square error J versus SNR γc for 2× 1-D FIR filtering for different velocities

of the MS; COST 207 channel model HT; 2 × 5 taps
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Figure 5.10: Mean square error J versus SNR γc for 2× 1-D FIR when the actual SNR γc is

not used for calculation of the filter coefficients; otherwise no model mismatch; 2 × 5 taps
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The main results are again summarized:

• Two cascaded 1-D FIR filters perform similar at less complexity than a 2-D filter, thus,

2× 1-D filtering is preferable in practice.

• The rule of two times oversampling of the fading process in time and in frequency direction

is a suitable design criterion for the pilot symbol grid.

• A good compromise between mean square error performance and complexity is the choice

of 5 filter taps for each of both filters, when two times oversampling of the fading process

is guaranteed.

• With the adaptation of the filter to uniform delay and Doppler power density spectra,

only knowledge about the maximum occurring Doppler frequency and delay in the mobile

radio channel and the SNR is required to design a channel estimation for a given MC

system.

Since the focus of this thesis is on MC-CDMA mobile radio systems, a brief overview on research

activities concerning channel estimation schemes for MC-CDMA systems follows. Pilot symbol

aided channel estimation in two dimensions with 2× 1-D filtering in MC-CDMA systems has

been applied in [MBR96] and in [KaH97a]. In [MBR96], the influence of real channel estimation

is approximated by using noisy channel state informations for data detection where the noise

has the variance equal to the mean square error J . The channel used for the system evaluation

is modelled as uncorrelated Rayleigh fading channel. In [KaH97a] a real 2× 1-D FIR filtering in

mobile radio channels typical for macrocells is investigated and used for the MC-CDMA system

evaluation. Both proposed channel estimations where designed for the downlink. 1-D filtering

has been investigated for slow fading channels typical for picocell scenarios in [CFG95] for the

up- and the downlink and in [ToK96c] for the downlink. For the uplink in larger cells, a pilot

tone based channel estimation has been investigated in [Ste97a]. Moreover, an uplink channel

estimation approach is given in [BJP97] where the channel estimation for the MC-CDMA

receiver is based on a single carrier modulated midamble inserted between the MC modulated,

spread data symbols. When roughly comparing the overhead due to pilot symbols and reference

sequences between the different concepts, it is not surprising that channel estimation in two

dimensions outperforms the other approaches remarkably. However, it has to be mentioned that

the advantages of channel estimation in two dimensions can only be exploited in the downlink of

an MC-CDMA system. In the uplink, conventional 1-D channel estimation concepts seems to be

necessary. In Appendix B, a novel spread spectrum multi-carrier multiple access (SS-MC-MA)

scheme suitable for the up- and the downlink with pilot symbol based 1-D channel estimation

is presented, which is a very promising concept especially for the uplink [KaF96, KaF97a].

For the sake of completeness, it should be mentioned that MC modulated systems without

exploiting the spread spectrum technique, like MC-FDMA and MC-TDMA systems, can also

use incoherent detection [RoG97].
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Chapter 6

MC-CDMA System Evaluation

6.1 System Design

The MC-CDMA signal generation and the various MC-CDMA receiver components including

the key components data detection, soft decision channel decoding, and channel estimation have

been presented and investigated individually in Chapters 3 to 5. In this chapter, a complete

MC-CDMA system is designed and evaluated. A single cell scenario for the downlink of a

mobile radio system is considered. Fig. 6.1 illustrates the structure of the investigated MC-

CDMA mobile radio system. The chapter of this thesis where the individual system component

is investigated is added to the assigned block.

The basic parameters of the proposed MC-CDMA mobile radio system are chosen according to

the results presented in Chapters 3 to 5. The MC-CDMA signal structure exploits the M&Q-

Modification. Walsh-Hadamard codes of length L equal to 8 are chosen as spreading codes.

The MC-CDMA receiver applies SD with MMSE equalization. Convolutional codes with rate

R equal to 1/2, decoded with a Viterbi decoder, are used for the channel coding. QPSK is

used for the symbol mapping and 2× 1-D FIR filtering with 2× 5 taps is applied for channel

estimation. The MC-CDMA mobile radio system is designed for a total bandwidth B equal to

2 MHz and a carrier frequency fc equal to 1.8 GHz.

It has already been mentioned in Section 3.2 that MC-CDMA systems inherently support an

additional TDMA component due to the transmission synchronized on OFDM symbols. This

feature is exploited in the proposed MC-CDMA system. Fig. 6.2 illustrates the chosen TDMA

frame structure. A TDMA frame consists of

Nfr = 3 (6.1)

time slots, where each time slot represents an OFDM frame which has the format defined in

Section 5.6 and illustrated in Fig. 5.3. The OFDM frame duration Tfr is equal to 6.6 ms,

resulting in a TDMA frame duration of

Tfr = 19.8 ms. (6.2)

No interleaving of the data beyond a time slot is applied with the intention to keep the trans-

mission delay low. The user capacity of the MC-CDMA mobile radio system with a TDMA
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Figure 6.1: MC-CDMA mobile radio system in the downlink

frame consisting of Nfr time slots, i.e., OFDM frames, is given by

Ksys = Nfr Kmax. (6.3)

In Table 6.1, the basic parameters of the proposed MC-CDMA mobile radio system are summa-

rized. It has to be noted that the flexible mapping of both data and pilot symbols onto OFDM

symbols does not allow to assign distinct values of M and Q for the used M&Q-Modification.

However, in the average over all OFDM symbols M equals to 8 and Q equals to 7.

T      = 19.8 ms TDMATDMA frame,

OFDM frame, T  = 6.6 ms fr

1 2 3

Figure 6.2: TDMA frame with 3 time slots, each time slot represents one OFDM frame
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Table 6.1: Basic parameters of the proposed MC-CDMA mobile radio system

bandwidth B = 2 MHz

carrier frequency fc = 1.8 GHz

TDMA frame duration TTDMA = 19.8 ms

number of OFDM frames per TDMA frame Nfr = 3

OFDM frame duration Tfr = 6.6 ms

number of OFDM symbols per OFDM frame Ns = 24

OFDM, inverse OFDM 512 point IFFT, 512 point FFT

OFDM symbol duration including guard interval T ′
s = 276 µs

guard interval duration Tg = 20 µs

subcarrier spacing Fs = 3.9 kHz

total number of subcarriers used N ′
c = 511

spreading code Walsh-Hadamard code

spreading code length L = 8

data detector MMSE equalizer

data symbol mapping QPSK with Gray encoding

channel code convolutional code

code rate R = 1/2

memory Mc = 6

channel decoder Viterbi decoder

frequency interleaver pseudo random interleaver

frequency interleaver size If = 511

code bit interleaver pseudo random interleaver

code bit interleaver size Ic = 384

channel estimator 2× 1-D FIR filters

filter taps 2× 5

delay filter bandwidth τfilter = 20 µs

Doppler filter bandwidth fD,filter = 333.3 Hz

pilot symbol distance in frequency Nf = 6

pilot symbol distance in time Nt = 3

maximum number of active users per subsystem Kq,max = 8

maximum number of active users per OFDM frame Kmax = 56

user capacity Ksys = 168

net bit rate per user 9.7 kbit/s ≤ Rb ≤ 1.6 Mbit/s

bandwidth efficiency β = 0.81 bit/s/Hz
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The user capacity of a single cell of the investigated MC-CDMA mobile radio system results in

Ksys = 168, (6.4)

i.e., that 168 users can simultaneously communicate at an acceptable SNR γb guaranteeing a

coded BER less or equal to 10−3. The user capacity can further be improved when applying,

for instance, cell sectorization [Stü96]. Given the system parameters in Table 6.1, each of

the 168 active users can transmit with a net bit rate of Rb equal to 9.7 kbit/s, resulting in

a bandwidth efficiency β of 0.81 bit/s/Hz at full system load. With respect to UMTS and

IMT-2000 requirements, it is possible to assign one user several or all user channels such that

a net bit rate up to 1.6 Mbit/s can be assigned to a single user.

The SNR loss Vguard due to the guard interval, cf. (3.23), results in

Vguard = 0.3 dB. (6.5)

With an overhead on pilot symbols of

Λ = 5.6%, (6.6)

cf. (5.42), the SNR loss Vpilot due to pilot symbols, cf. (5.43), is

Vpilot = 0.3 dB. (6.7)

Both losses result in a total loss in SNR of only 0.6 dB which is taken into account in the

presented simulation results.

6.2 Simulation Results

The simulation results presented in the following are given for fully loaded subsystems, except

for investigations focusing on the influence of the loading ratio Kq/L. The various factors of

influence on the performance of the MC-CDMA mobile radio system under investigation in this

section are shown in Table 6.2. The simulation results are discussed in Section 6.3.

Table 6.2: Factors of influence on the performance of the MC-CDMA mobile radio system

factor of influence figure/table

propagation area: macro-, micro-, and picocells Figs. 6.3 and 6.4

velocity v of the MS Figs. 6.5 and 6.6

loading ratio Kq/L Figs. 6.7 and 6.8

SNR gain with MLSSE compared to MMSE equalization Figs. 6.9 and 6.10

bandwidth B in micro- and picocells Fig. 6.11

SNR degradation due to real channel estimation Tables 6.3 to 6.5
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Figure 6.3: Average coded BER Pb versus average SNR γb per bit for CODIT channel models;

MMSE equalization; 2× 1-D channel estimation; L = 8; Kq = 8; QPSK; R = 1/2; v = 3 km/h
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Figure 6.4: Average coded BER Pb versus average SNR γb per bit for COST 207 channel

models; MMSE equalization; 2× 1-D channel estimation; L = 8; Kq = 8; QPSK; R = 1/2;

v = 3 km/h
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Figure 6.5: Average SNR γb per bit required to achieve a BER of Pb = 10−3 versus velocity

v of the MS for macro- and microcells; CODIT channel models; MMSE equalization; 2× 1-D

channel estimation; L = 8; Kq = 8; QPSK; R = 1/2
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Figure 6.6: Average SNR γb per bit required to achieve a BER of Pb = 10−3 versus velocity

v of the MS for macrocells; COST 207 channel models; MMSE equalization; 2× 1-D channel

estimation; L = 8; Kq = 8; QPSK; R = 1/2
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Figure 6.7: Average SNR γb per bit required to achieve a BER of Pb = 10−3 versus loading

ratio Kq/L; CODIT channel models; MMSE equalization; 2× 1-D channel estimation; L = 8;

QPSK; R = 1/2; v = 3 km/h
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Figure 6.8: Average SNR γb per bit required to achieve a BER of Pb = 10−3 versus loading

ratio Kq/L; COST 207 channel models; MMSE equalization; 2× 1-D channel estimation; L = 8;

QPSK; R = 1/2; v = 3 km/h
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Figure 6.9: Average coded BER Pb versus average SNR γb per bit for JD with MLSSE and

for SD with MMSE equalization; CODIT channel models; 2× 1-D channel estimation; L = 8;

Kq = 8; QPSK; R = 1/2; v = 3 km/h
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Figure 6.10: Average coded BER Pb versus average SNR γb per bit for JD with MLSSE and for

SD with MMSE equalization; COST 207 channel models; 2× 1-D channel estimation; L = 8;

Kq = 8; QPSK; R = 1/2; v = 3 km/h
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Figure 6.11: Average coded BER Pb versus average SNR γb per bit in micro- and picocells for

different transmission bandwidths; CODIT channel models; 2× 1-D channel estimation; L = 8;

Kq = 8; QPSK; R = 1/2; v = 3 km/h

Table 6.3: SNR degradation due to 2× 1-D channel estimation compared to perfect channel

estimation for different velocities v of the MS; Kq = 8; Pb = 10−3

v SNR degradation in dB

in km/h SU R Mic1 HT BU RA

3 2.6 2.1 2.8 2.5 2.2 2.6

30 2.2 2.2 2.6 2.4 2.2 2.6

150 2.3 2.1 - 2.4 2.2 2.6

250 2.8 2.0 - 2.7 2.6 2.8
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Table 6.4: SNR degradation due to 2× 1-D channel estimation compared to perfect channel

estimation for different loading ratios Kq/L; v = 3 km/h; Pb = 10−3

Kq/L SNR degradation in dB

SU R Mic1 HT BU RA

1/8 4.4 4.4 5.4 4.8 4.5 5.7

2/8 3.5 3.3 4.4 3.6 3.6 4.4

4/8 2.7 2.6 3.2 2.9 2.7 3.8

8/8 2.6 2.1 2.8 2.5 2.2 2.6

Table 6.5: SNR degradation due to 2× 1-D channel estimation compared to perfect channel

estimation for JD with MLSSE and for SD with MMSE equalization; Kq = 8; v = 3 km/h;

Pb = 10−3

detection technique SNR degradation in dB

SU R Mic1 HT BU RA

MMSE equalization 2.6 2.1 2.8 2.5 2.2 2.6

MLSSE 2.5 2.1 2.8 2.5 2.3 2.7

6.3 Discussion of the Simulation Results

From the simulation results presented in the previous section, substantial and comprehensive

knowledge about the presented MC-CDMA mobile radio system is obtained. This section

discusses the simulation results, focusing on services such as speech transmission which require

a coded BER Pb equal to 10−3.

The simulation results in Figs. 6.3 and 6.4 show the influence of different propagation scenarios

on the performance of the MC-CDMA system. The BER Pb versus the SNR γb is illustrated

in this figures. The macro-, micro-, and picocell scenarios defined in the CODIT study and

also the macrocell scenarios defined in the COST 207 study have been applied. The velocity v

of the MS is equal to 3 km/h in all scenarios. It is shown later that this slow velocity is the

most crucial case of all investigated velocities. The slow velocity v does not allow the receiver

to exploit time diversity Dt, cf. (2.15), within an OFDM frame but only to exploit frequency

diversity Df , cf. (2.11), offered by the delay spread στ , cf. (2.8). Hence, the frequency diversity

potential in the various propagation areas can be shown. As it could have been expected, larger

cells which are characterized by larger delay spreads στ offer a higher gain in SNR γb due to

increased frequency diversity Df than smaller cells like micro- and picocells. An exception are
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macrocell scenarios in rural areas with small delay spread στ and, hence, less frequency diversity

potential. The MC-CDMA system performs best in the CODIT channel model rural (R) which

has only one scatterer with a strong LOS path. When taking into account the loss in SNR

of 2.1 dB due to real channel estimation, see Table 6.3, and the 0.6 dB loss due to the guard

interval and the pilot symbols, the coded BER Pb in the propagation area R approaches that of

the AWGN channel, cf. Fig. 4.6. The propagation area R produces negligible fading and may

serve as a lower bound for the following investigations. In contrast to the rural propagation area

defined in the CODIT study, the COST 207 channel model RA shows the worst performance in

a macrocell. The propagation area RA has no dominant component, resulting in severe fading

which is flat over the whole transmission bandwidth due to the small delay spread στ . It is

important to note that it is not possible to achieve a BER Pb equal to 10−3 at 10 log10(γb) less

than 20 dB in the investigated picocell scenarios. The reason for this poor performance is that

there is almost no frequency and time diversity available within an OFDM frame. Therefore,

it is possible that a complete OFDM frame is located in a deep fade. In microcells, this effect

can be observed to a reduced extent.

In Figs. 6.5 and 6.6, the influence of the velocity v and, hence, the opportunity to exploit time

diversity in the different CODIT and COST 207 channel models is depicted. The simulation

results show the required SNR γb to achieve a BER Pb equal to 10−3 versus the velocity v of

the MS. The chosen velocities v are 3 km/h, 30 km/h, 150 km/h, and 250 km/h. It can be

observed that with increasing velocity v the performance of the MC-CDMA system improves

up to a velocity of 150 km/h. This effect is caused by an increased time diversity gain at higher

velocities. In most of the propagation scenarios, the performance with v equal to 250 km/h is

slightly worse than with 150 km/h which is originated in the losses due to the channel estimation

which is designed for velocities v up to 200 km/h, cf. Figs. 5.8 and 5.9. The performance of

the MC-CDMA system improves to the largest extent with time diversity in channels with less

frequency diversity. However, in small cells which provide less frequency diversity, the MSs

typically moves slowly. In the CODIT propagation area R which approximates the AWGN

channel, the performance of the MC-CDMA system is nearly independent from the velocity v

in the range from 3 km/h up to 250 km/h.

The influence of the number of active users Kq per MC-CDMA subsystem in the different

CODIT and COST 207 channel models is shown in Figs. 6.7 and 6.8. The simulation results

show the required SNR γb to achieve a BER Pb equal to 10−3 versus the loading ratio Kq/L.

The velocity v of the MS is equal to 3 km/h in all scenarios. It is interesting to observe that

independent from the propagation area, the performance of the investigated MC-CDMA mobile

radio system seems to be nearly independent from the number of active users Kq in a cell. This

effect results from the proposed channel estimation scheme where the total energy of the pilot

symbols in an OFDM frame increases with an increasing number of active users, cf. Section 5.2,

improving the accuracy of the channel estimation, where on the other hand, the MAI increases

with increasing Kq. Both effects approximately cancel each other out. Only in the CODIT

propagation channel R, the MAI is negligible due to the absence of fading, and the performance
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improves with Kq due to the improved channel estimation accuracy.

The simulation results in Figs. 6.9 and 6.10 show the performance improvements when applying

JD with MLSSE in the MC-CDMA receiver compared to SD with MMSE equalization. Macro-,

micro-, and picocell scenarios defined in the CODIT studies and also macrocell scenarios defined

in the COST 207 studies have been applied. The velocity v of the MS is equal to 3 km/h in

all scenarios and the system is fully loaded. The simulation results show that the performance

of the MC-CDMA mobile radio system can be improved with MLSSE compared to MMSE

equalization as long as the mobile radio channel offers diversity D, cf. (2.16). Hence, the

performance in the investigated micro- and picocell propagation scenarios cannot be improved

significantly with MLSSE. In macrocells, the performance improvements in SNR due to MLSSE

compared to MMSE equalization are less than 1 dB, and are in the order of the gains shown in

Fig. 4.8. The performance in the CODIT propagation area R cannot be further improved with

MLSSE, since the performance in the AWGN channel is the same for both detection techniques.

Since the applied micro- and picocells cannot offer frequency diversity at a transmission band-

width of B equal to 2 MHz, both propagation scenarios have been investigated for larger

bandwidths with B equal to 5 MHz and 10 MHz, see Fig. 6.11. The velocity v of the MS is

equal to 3 km/h and the system is fully loaded. The results show that the increase of the trans-

mission bandwidth can significantly improve the system performance in small cells. However,

in picocells bandwidths larger than 10 MHz are necessary to achieve a BER of Pb equal to 10−3

at an 10 log10(γb) less than 20 dB. As mentioned in Chapter 2, another well known measure to

improve the system performance would be the application of antenna diversity [BBS97]. This

diversity technique seems to be very important especially for smaller cells as investigated in

[ToK96c] for MC-CDMA mobile radio systems in indoor environments.

Finally, the SNR degradation with the proposed 2× 1-D channel estimation compared to perfect

channel estimation is considered. Table 6.3 shows the SNR γb degradation due to real channel

estimation depending on the velocity v of the MS for different propagation areas in the case of a

fully loaded subsystem. The results are obtained at a BER Pb equal to 10−3. It can be observed

that the SNR degradation is between 2 dB and 3 dB and is nearly independent of the velocity

of the MS. A slight increase in the SNR degradation occurs at v equal to 250 km/h which,

however, is still below 3 dB and points out that the presented channel estimation can also

handle propagation conditions where the rule of two times oversampling of the fading process

is not fulfilled, cf. Section 5.5. Table 6.4 shows the SNR γb degradation due to real channel

estimation depending on the loading ratio Kq/L for different propagation areas. The velocity of

the MS is 3 km/h. The results are obtained at a BER Pb equal to 10−3. The SNR degradation

increases with decreasing subsystem load since the total energy of the pilot symbols decreases

with decreasing Kq/L and, hence, the performance of the channel estimation degrades. This

effect can be avoided by boosting the pilot symbols, cf. Section 5.2, such that, for instance,

the total energy of the pilot symbols remain constant independent of the loading ratio Kq/L.

Table 6.5 shows the SNR γb degradation due to real channel estimation for JD with MLSSE in

the case of a fully loaded subsystem and v equal to 3 km/h. As reference the assigned results
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for SD with MMSE equalization are shown. It can be observed that the SNR degradation with

MLSSE is similar compared to MMSE equalization.

It can be summarized that the proposed MC-CDMA mobile radio system is able to handle full

system load in the downlink. To guarantee a BER Pb equal to 10−3 a value of 10 log10(γb)

between 8 dB and 12 dB is required on the average. Propagation areas typical for smaller

cells require additional means to improve the performance, since within this scenario too less

diversity is offered by the channel which could be exploited in the MC-CDMA receiver. However,

as long as either frequency diversity or time diversity within an OFDM frame is offered by the

mobile radio channel, the presented MC-CDMA mobile radio system achieves a high bandwidth

efficiency β, cf. (1.1), of

β = 0.81 bit/s/Hz. (6.8)

In this thesis, it is shown that MC-CDMA is a very promising multiple access scheme especially

for the downlink of future mobile radio systems. MC-CDMA mobile radio systems offer great

flexibility and provide high performance at a reasonable complexity. The advantages of MC-

CDMA compared to DS-CDMA can also be exploited in the uplink as shown in Appendix B

where the already mentioned SS-MC-MA scheme derived from the MC-CDMA scheme is in-

troduced and investigated for the uplink.
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Chapter 7

Abstract

Performance and flexibility of mobile radio systems essentially depend on the choice of the mul-

tiple access scheme. The novel MC-CDMA scheme which is the topic of this thesis is a promising

alternative to conventional FDMA, TDMA, and CDMA schemes. With MC-CDMA, each data

modulated chip of the user specific spreading code is mapped onto a separate subcarrier, so

that the chips of the spreading code and, hence, the data symbol is transmitted in parallel on

multiple subcarriers. The application of OFDM enables one to avoid ISI and ICI in the detec-

tion process, resulting in simple SD and MD techniques. In MC-CDMA mobile radio systems,

SD can be realized by equalizing each subcarrier individually, yielding only one complex-valued

multiplication per subcarrier and OFDM symbol. Due to the M -, Q-, and M&Q-Modification

of the MC-CDMA scheme, even the optimum JD techniques MLSSE and MLSE can be applied

with reasonable complexity.

After introducing the MC-CDMA signal structure, SD and MD techniques are analyzed, opti-

mized, and compared to each other in this thesis. Taking into account convolutional channel

coding with soft decision decoding, the optimum soft decided values which can be delivered

to a Viterbi decoder are derived for MC-CDMA receivers with SD and MD. Exploiting the

optimum soft decided values, an iterative detection and decoding scheme referred to as soft

IC is introduced. With soft IC, reliability information about the reconstructed interference

is taken into account in the iterative IC scheme, reducing error propagation. The suitability

of the recently proposed Turbo codes as channel codes for MC-CDMA mobile radio systems

is also investigated. However, it is shown that Turbo codes are only of limited use in MC-

CDMA mobile radio systems when considering speech transmission applications. The trade-off

between channel coding and spreading is determined and a bandwidth efficiency plan for MC-

CDMA, MC-FDMA, and MC-TDMA mobile radio systems is presented, which reveals that

amongst these, MC-CDMA systems are the most bandwidth efficient systems. To enable co-

herent detection, channel estimation with filtering in frequency and time is investigated for an

MC modulated system. A 2× 1-D channel estimation is analyzed and optimized by taking into

account model mismatch between the correlation functions of the channel and those used for

the filter design. The performance of the presented 2× 1-D FIR filtering closely approximates

the performance of optimum 2-D Wiener filtering. It is shown that the proposed MC-CDMA

mobile radio system can handle high velocities of the mobile user in various propagation areas.

Guaranteeing a good transmission quality with a BER Pb equal to 10−3, the presented MC-

CDMA mobile radio system achieves the high bandwidth efficiency of 0.81 bit/s/Hz at a value

of 10 log10(γb) between 8 dB and 12 dB on the average.
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Kurzfassung

100 Jahre nach den ersten Experimenten des italienischen Funktechnikers und späteren Nobel-

preisträgers G. Marconi mit drahtloser Nachrichtenübertragung ist der Mobilfunksektor einer

der am schnellsten wachsenden Märkte der Welt. Bereits nach der Einführung der ersten

Generation von Mobilfunksystemen in den 80er Jahren war bald abzusehen, daß die Kapazität

dieser überwiegend analogen Systeme nicht ausreichen würde, um die steigende Nachfrage an

mobiler Kommunikation abzudecken. Dieser Engpaß konnte Anfang der 90er Jahre durch die

Einführung der zweiten Generation von Mobilfunksystemen überwunden werden, wobei die

Kapazität durch die Verwendung vollständig digitaler Systeme erheblich verbessert werden

konnte. Der in Europa entwickelte GSM (Global System for Mobile Communications) Stan-

dard für Mobilfunksysteme der zweiten Generation hat sich weltweit am stärksten durchge-

setzt. Doch bereits heute weiß man, daß die zweite Generation den Bedürfnissen an mobiler

Kommunikation des 21. Jahrhunderts nicht gerecht werden kann. Die Anforderungen an die

zukünftigen Mobilfunksysteme der dritten Generation sind hohe Bandbreiteneffizienz bedingt

durch einen beschränkt verfügbaren Frequenzbereich und hohe Flexibilität. Von Bedeutung

sind hierbei Multimediadienste mit Sprach-, Bild- und Datenübertragung, welche unter an-

derem verschiedene und variable Datenraten erfordern und in verschiedensten Umgebungen

und Zellstrukturen verfügbar sein sollen.

Beim Entwurf von Mobilfunksystemen der dritten Generation ist das Verfahren, mit dem die

einzelnen Teilnehmer auf den Kanal zugreifen, ausschlaggebend für die Bandbreiteneffizienz

und Flexibilität des Systems. Anwendung finden hier die elementaren Vielfachzugriffsver-

fahren Frequenzmultiplex (engl. frequency division multiple access, FDMA), Zeitmultiplex

(engl. time division multiple access, TDMA) und Codemultiplex (engl. code division multi-

ple access, CDMA). Von den unterschiedlichen CDMA-Vielfachzugriffsverfahren hat sich das-

jenige mit DS-Spreizung (engl. direct sequence spreading) am meisten durchgesetzt. Bei DS-

CDMA werden die Teilnehmerdaten mit hochratigen Spreizcodes multipliziert und somit in der

Übertragungsbandbreite gespreizt. Die einzelnen Teilnehmer senden ihre gespreizten Daten

im gleichen Frequenzband, wobei durch geeignete Wahl der teilnehmerspezifischen Spreizcodes

gewährleistet werden kann, daß die Interferenzen zwischen den Teilnehmern (engl. multiple ac-

cess interference, MAI) minimal sind. Umfangreiche Untersuchungen haben gezeigt, daß keines

der elementaren Vielfachzugriffsverfahren alleine den Anforderungen der Mobilfunksysteme der

dritten Generation gerecht werden kann und weitere Untersuchungen mit hybriden Vielfachzu-

griffsverfahren notwendig sind. Hybride Vielfachzugriffsverfahren sind Kombinationen aus

den elementaren Vielfachzugriffsverfahren, die es ermöglichen, die Vorteile der elementaren

Vielfachzugriffsverfahren in geeigneter Weise miteinander zu kombinieren. Darüberhinaus ist

es wichtig, jüngste Entwicklungen in der Nachrichtentechnik, wie z.B. auf dem Gebiet der
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Mehrträgermodulation, mitzuverfolgen, da diese möglicherweise die elementaren und hybriden

Vielfachzugriffsverfahren verbessern können.

Die Mehrträgermodulation hat in jüngster Zeit stark an Bedeutung gewonnen, da die Ent-

wicklung in der Halbleitertechnik es ermöglicht hat, unter Verwendung der schnellen Fourier-

Transformation (engl. fast Fourier transform, FFT) digitale Mehrträgermodems mit geringer

Komplexität basierend auf mehreren tausend Unterträgern zu implementieren. Durch die

Mehrträgermodulation werden hochratige, serielle Datenströme, die in typischen Mobil-

funkkanälen mit Mehrwegeausbreitung starker Intersymbolinterferenz (engl. inter symbol inter-

ference, ISI) unterliegen, in niederratige, parallele Teilströme mit reduzierter ISI umgewandelt

und auf unterschiedliche Unterträger moduliert. Verbleibende ISI kann durch Einfügen eines

Schutzintervalls, bestehend aus einer zyklischen Verlängerung des Symbols, im Empfänger eli-

miniert werden. Um die verfügbare Übertragungsbandbreite möglichst effizient zu nutzen,

werden die Frequenzspektren der Teilströme überlappt, wobei die Signale auf den einzelnen

Unterträgern orthogonal zueinander sind und Interkanalinterferenz (engl. inter channel in-

terference, ICI) vermieden werden kann, wenn der Unterträgerabstand gleich der Datenrate

gewählt ist. Dieses orthogonale Frequenzmultiplexverfahren wird als OFDM (engl. orthogo-

nal frequency division multiplexing) bezeichnet, und die parallel übertragenen Datensymbole

bilden ein OFDM-Symbol. Der große Durchbruch der Mehrträgermodulation gelang in den

90er Jahren, als OFDM für den europäischen, digitalen Hörfunkstandard (engl. Digital Au-

dio Broadcasting standard, DAB standard) und den europäischen, digitalen, terrestrischen

Fernsehstandard (engl. terrestrial Digital Video Broadcasting standard, DVB-T standard)

gewählt wurde. Seit 1993 gibt es intensive Forschungsaktivitäten, die sich mit dem Einsatz der

Mehrträgermodulation in Mobilfunksystemen beschäftigen. Die meiste Aufmerksamkeit wurde

dabei der Verbindung von Mehrträgermodulation mit CDMA geschenkt, wobei zwei unter-

schiedliche Konzepte eingeführt wurden. Das erste Konzept wird als MC-CDMA (engl. multi-

carrier CDMA) oder auch OFDM-CDMA bezeichnet und ist Inhalt der vorliegenden Arbeit.

Das zweite Konzept wurde in zwei Varianten eingeführt, wobei die erste als MC-DS-CDMA

(engl. multi-carrier direct sequence CDMA) und die zweite als MT-CDMA (engl. multi-tone

CDMA) bezeichnet wird.

Beim Vielfachzugriffsverfahren MC-CDMA wird jedes Chip des CDMA-Spreizcodes einem Un-

terträger zugeordnet, so daß ein Datensymbol gleichzeitig über mehrere Unterträger gespreizt

übertragen wird. Um ICI zu vermeiden, haben die Unterträger einen Abstand, der dem

Kehrwert der OFDM-Symboldauer entspricht. Wenn durch geeignete Dimensionierung des

MC-CDMA-Mobilfunksystems der Kanalschwund auf den einzelnen Unterträgern als nicht fre-

quenzselektiv und für die Dauer eines OFDM-Symbols als zeitinvariant angesehen werden kann

und ferner ISI eliminiert wird, ist es möglich, effiziente Empfänger mit geringer Komplexität

zu realisieren. Im Gegensatz zu konventionellen CDMA-Mobilfunksystemen können in MC-

CDMA-Mobilfunksystemen orthogonale, teilnehmerspezifische Spreizcodes optimal eingesetzt

werden, da ISI und ICI bei der Datendetektion vermieden werden können.

Mit MC-DS-CDMA und MT-CDMA werden die Datensymbole eines Teilnehmers in parallele,
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niederratige Teilströme gewandelt, bevor jeder Teildatenstrom mit einem teilnehmerspezifi-

schen Spreizcode multipliziert und somit gespreizt wird. Beim Vielfachzugriffsverfahren MC-

DS-CDMA sind die Signale auf den Unterträgern nach der Spreizung orthogonal, während sie

bei MT-CDMA vor der Spreizung orthogonal zueinander sind. Bei MC-DS-CDMA werden

die Daten eines Teilnehmers nicht mehr über den gesamten Frequenzbereich gespreizt, son-

dern nur noch über den eines Unterträgers, wodurch der erzielbare Frequenzdiversitätsgewinn

des Systems mit zunehmender Unterträgerzahl abnimmt. MC-DS-CDMA eignet sich eher

zur Ausnutzung von Zeitdiversität, wobei größere Verzögerungen bei der Datenübertragung

auftreten. MT-CDMA kann etwa die gleichen Frequenzdiversitätsgewinne wie DS-CDMA oder

MC-CDMA erzielen, da ein Datensymbol fast über den gesamten Frequenzbereich gespreizt

wird. Bei MT-CDMA geht aber durch die DS-Spreizung der Daten die Orthogonalität der

Signale auf den Unterträgern verloren, so daß ICI auftritt.

In mehreren Untersuchungen wurde die Leistungsfähigkeit der Vielfachzugriffsverfahren MC-

CDMA, DS-CDMA, MC-DS-CDMA und MT-CDMA bezüglich der Bitfehlerrate und der Band-

breiteneffizienz miteinander verglichen. In der Abwärtsstrecke eines Mobilfunksystems zeigten

die Untersuchungsergebnisse klare Vorteile für MC-CDMA gegenüber den anderen Vielfachzu-

griffsverfahren, wobei mit MC-CDMA eine bis zu viermal höhere Bandbreiteneffizienz erzielt

werden konnte. Vergleiche zwischen MC-CDMA und DS-CDMA in der Aufwärtsstrecke eines

Mobilfunksystems zeigten auch hier Vorteile für MC-CDMA.

Parallel zu den Aktivitäten auf dem Gebiet MC-CDMA gibt es auch Untersuchungen mit den

mehrträgermodulierten Vielfachzugriffsverfahren MC-FDMA und MC-TDMA. Beide neuar-

tigen Vielfachzugriffsverfahren werden in der vorliegenden Arbeit beschrieben und ihre Lei-

stungsfähigkeit wird mit derjenigen von MC-CDMA-Mobilfunksystemen verglichen.

Die vorliegende Arbeit verfolgt zwei wesentliche Ziele. Das erste Ziel ist die Entwickelung

und Optimierung der einzelnen MC-CDMA-Systemkomponenten Datendetektion, Kanalde-

codierung mit Zuverlässigkeitsinformation und Kanalschätzung. Das zweite Ziel ist eine

Gesamtsystembetrachtung, bei der ein MC-CDMA-Mobilfunksystem entwickelt und analysiert

wird. Wichtig bei der Gesamtsystembetrachtung ist es, daß die verwendeten Mobil-

funkkanalmodelle, mit denen das vorgestellte MC-CDMA-Mobilfunksystem getestet wird, den

Anforderungen zukünftiger Mobilfunksysteme gerecht werden. So werden bei den Untersuchun-

gen Ausbreitungsszenarien nachgebildet, die typisch für Makro-, Mikro- und Picozellen sind.

Hierfür werden die Kanalmodelle der CODIT (Code Division Testbed) Studie wie auch der

COST (European Cooperation in the Field of Scientific and Technical Research) 207 Studie

herangezogen.

Ausgehend von der Beschreibung der Mehrträgermodulation basierend auf OFDM wird in dieser

Arbeit die MC-CDMA-Signalstruktur hergeleitet und ihre Flexibilität bezüglich der Daten-

rate und der Teilnehmerkapazität durch das Einführen geeigneter Systemmodifikationen und

dem Einsatz von Frequenzinterleaving gezeigt. Ein zeit- und frequenzdiskretes MC-CDMA-

Übertragungsmodell wird hergeleitet, für dessen mathematische Beschreibung die Matrix-

Vektor-Notation verwendet wird. Basierend auf dem zeit- und frequenzdiskreten MC-CDMA-
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Übertragungsmodell werden optimale und suboptimale MC-CDMA-Datendetektionstechniken

mathematisch beschrieben und bezüglich ihrer Leistungsfähigkeit miteinander verglichen. In

MC-CDMA-Mobilfunksystemen wird die einfache Einzeldetektion (engl. single-user detection,

SD), die kein Vorwissen über die MAI in der Datendetektion berücksichtigt, durch eine sepa-

rate Entzerrung auf jedem Unterträger realisiert, die pro OFDM-Symbol einer komplexwerti-

gen Multiplikation pro Unterträger entspricht. Danach erfolgt eine Rückspreizung der Daten

mit dem teilnehmerspezifischen Spreizcode. Untersucht werden die SD-Techniken MMSE-

Entzerrung (engl. minimum mean square error equalization) und ZF-Entzerrung (engl. zero-

forcing equalization). Ferner werden auch Diversitätstechniken wie MRC (engl. maximum

ratio combining) und EGC (engl. equal gain combining) als SD-Techniken eingesetzt. Die

MMSE-Entzerrung minimiert den mittleren quadratischen Fehler zwischen dem gesendeten

und dem im Empfänger entzerrten Signal und zeigt in Mobilfunkkanälen mit MAI die ge-

ringsten Bitfehlerraten verglichen zu den anderen SD-Techniken bei gleichem mittlerem Signal-

Stör-Verhältnis (engl. signal-to-noise ratio, SNR). Da die MMSE-Entzerrung Wissen über das

mittlere SNR pro Unterträger benötigt, wird eine suboptimale MMSE-Entzerrung vorgestellt,

die kein Zusatzwissen über das aktuelle SNR benötigt, jedoch an die Leistungsfähigkeit der

optimalen MMSE-Entzerrung herankommt. Darüber hinaus wird die aufwendigere, aber lei-

stungsstärkere Mehrteilnehmer-Detektion (engl. multi-user detection, MD) untersucht, bei der

Vorwissen über die MAI bei der Datendetektion ausgenutzt wird. Bei der MD unterscheidet

man Detektionstechniken nach den Prinzipien der Interferenzeliminierung (engl. interference

cancellation, IC) und der gemeinsamen Detektion (engl. joint detection, JD). Das Prinzip der

IC ist es, die Information der interferierenden Teilnehmer zu detektieren und damit die MAI zu

rekonstruieren und vom empfangenen Signal abzuziehen, bevor die Information des betrachteten

Teilnehmers detektiert wird. Die IC kann in mehreren Iterationen durchgeführt werden, woraus

sich eine Mehrstufendetektion ergibt. In dieser Arbeit wird ein Mehrstufendetektionsverfahren

mit IC vorgestellt, bei dem die einzelnen Detektionsstufen mit einer an die jeweils verbleibende

MAI angepaßten MMSE-Entzerrung arbeiten. Der optimale Datendetektor verwendet JD mit

Maximum-Likelihood-Kriterium. Es werden die optimale MLSE (engl. maximum likelihood

sequence estimation) und die optimale MLSSE (engl. maximum likelihood symbol-by-symbol

estimation) für MC-CDMA-Mobilfunksysteme beschrieben und analysiert. Durch die Vermei-

dung von ISI und ICI im Detektionsprozeß und mit Hilfe von geeigneten Systemmodifikationen,

die sich durch die Mehrträgermodulation ergeben, können in MC-CDMA-Mobilfunksystemen

die optimalen Datendetektoren mit akzeptabler Komplexität realisiert werden. Der Einsatz

von optimalen Datendetektoren ist in konventionellen DS-CDMA-Mobilfunksystemen bedingt

durch den höheren Realisierungsaufwand praktisch nicht möglich.

Kanalcodierung ist eine effiziente Technik, um den Störungen durch den Mobilfunkkanal ent-

gegenzuwirken. In der vorliegenden Arbeit wird ein MC-CDMA-Mobilfunksystem mit Fal-

tungscodierung und Viterbi-Decodierung untersucht. Der Viterbi-Algorithmus ist ein einfacher

Decodieralgorithmus, der in optimaler Weise Entscheidungen mit Zuverlässigkeitsinformation

verarbeiten kann und gemäß dem Maximum-Likelihood-Kriterium die am wahrscheinlichsten

gesendete Sequenz ermittelt. Die optimalen Entscheidungen mit Zuverlässigkeitsinformation
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sind Log-Likelihood-Verhältnisse (engl. log-likelihood ratios, LLRs). In dieser Arbeit werden die

LLRs für MC-CDMA-Mobilfunksystem mit SD und mit MD hergeleitet und geeignete Verein-

fachungen der optimalen LLRs vorgestellt. Ferner wird eine sogenannte Soft-IC vorgestellt, bei

der die Datendetektion und die Kanaldecodierung in einer Weise iterativ miteinander verknüpft

sind, die es bei der IC ermöglicht, zusätzlich Zuverlässigkeitsinformationen über die rekonstru-

ierte MAI ausnutzen. Hierdurch wird die Fehlerfortpflanzung im Vergleich zur konventionellen

IC verringert. Es wird gezeigt, daß mit Soft-IC niedrigere Bitfehlerraten als mit MLSSE und

Kanalcodierung bei gleichem SNR erreicht werden. Der MAI-freie Fall (engl. single-user bound),

der eine untere Grenze für die Bitfehlerrate darstellt, kann mit Soft-IC sehr gut angenähert wer-

den. Die in der vorliegenden Arbeit hergeleiteten LLRs ermöglichen es, die 1993 vorgeschla-

genen Turbo-Codes mit iterativer Turbo-Decodierung in optimaler Weise in MC-CDMA-

Mobilfunksystemen einzusetzen. Bei der Turbo-Decodierung sind die Interleavergröße und die

Anzahl der Iterationen ausschlaggebend für den Codiergewinn. Es wird gezeigt, daß Turbo-

Codes in MC-CDMA-Mobilfunksystemen bei Sprachübertragung nur geringe Codiergewinne

erzielen und daß ihre höhere Komplexität verglichen mit einfachen Faltungscodes ihren Einsatz

nicht rechtfertigen. Ausschlaggebend hierfür ist, daß bei der Sprachübertragung nur geringe

Verzögerungen zulässig sind und daher nur kleine Interleavergrößen eingesetzt werden können.

Für MC-CDMA-Mobilfunksysteme mit Faltungscodierung wird das optimale Verhältnis zwi-

schen Kanalcoderate und Spreizcodelänge ermittelt. Anhand eines Bandbreiteneffizienzplans

wird gezeigt, daß MC-CDMA-Mobilfunksysteme eine höhere Bandbreiteneffizienz verglichen

mit MC-FDMA- und MC-TDMA-Mobilfunksystemen erzielen.

Empfänger mit kohärenter Datendetektion und Kanaldecodierung mit Zu-

verlässigkeitsinformation benötigen Wissen über die Übertragungsfunktion des Mobil-

funkkanals, welches daher im Empfänger geschätzt werden muß. Bei Nachrichtensystemen

mit Mehrträgermodulation eignet sich eine zweidimensionale (2-D) Kanalschätzung basierend

auf Pilotsymbolen. Werden die Pilotsymbole mit ausreichender Dichte in Frequenz- und

Zeitrichtung über die OFDM-Symbole verteilt, so kann die Übertragungsfunktion des

Kanals durch Interpolation bzw. Filterung ermittelt werden. Das optimale 2-D-Filter nach

dem MMSE-Kriterium ist das 2-D-Wiener-Filter. Ausgehend von der Beschreibung der

Theorie der optimalen 2-D-Wiener-Filterung wird in dieser Arbeit eine Kanalschätzung

mit Filterung in zwei Dimensionen für ein MC-CDMA-Mobilfunksystem entwickelt, wobei

die Abwärtsstrecke betrachtet wird. Da dem optimalen 2-D-Wiener-Filter die Korrela-

tionsfunktionen des Mobilfunkkanals bekannt sein müssen, werden zwei weniger komplexe,

kaskadierte eindimensionale (1-D) FIR-Filter eingesetzt, die für die kritischsten Bedingungen,

die im betrachteten Mobilfunkkanal auftreten können, optimiert sind. Wie gezeigt wird,

entspricht die Leistungsfähigkeit von zwei kaskadierten 1-D-FIR-Filtern derjenigen eines

2-D-FIR-Filters. Da die Datenübertragung beim untersuchten MC-CDMA-Mobilfunksystem

in einzelnen OFDM-Rahmen erfolgt, wird die Übertragungsfunktion des Mobilfunkkanals nur

über einen OFDM-Rahmen gefiltert. Ein OFDM-Rahmen besteht aus einer endlichen Anzahl

von aufeinanderfolgenden OFDM-Symbolen. Die gewählte Anordnung der Pilotsymbole in

einem OFDM-Rahmen erfüllt das 2-D-Abtasttheorem, wobei sich zweifache Überabtastung
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in Zeit- und in Frequenzrichtung als geeignet erweist. In Untersuchungen wird anhand

des mittleren quadratischen Schätzfehlers gezeigt, daß die entwickelte Kanalschätzung in

unterschiedlichen Ausbreitungsgebieten, die typisch für Makro-, Mikro- und Picozellen sind,

und bei Dopplerfrequenzen von über 400 Hz noch vernünftig arbeitet.

Im Rahmen einer Gesamtsystembetrachtung wird ein MC-CDMA-Mobilfunksystem in der

Abwärtsstrecke mit realer Kanalschätzung und Kanalcodierung entworfen und untersucht.

Hierzu werden die CODIT- und COST-207-Kanalmodelle verwendet. Es wird gezeigt, daß das

betrachtete MC-CDMA-Mobilfunksystem in der Lage ist, bei unterschiedlichsten Ausbreitungs-

bedingungen eine gute Übertragungsqualität mit voller Systemauslastung zu garantieren. So

reicht in den meisten Fällen ein SNR von 8 dB bis 12 dB aus, um eine mittlere Bitfehlerrate von

10−3 zu garantieren. Das vorgestellte MC-CDMA-Mobilfunksystem erreicht die hohe Bandbrei-

teneffizienz von 0.81 bit/s/Hz. Ferner zeigen die Untersuchungen, daß Ausbreitungsbedingun-

gen, die typisch für kleine Mobilfunkzellen wie Mikro- und Picozellen sind, generell kritisch sind,

da sie wenig Frequenz- und Zeitdiversität bieten und eine ausreichende Übertragungsqualität

nur durch Maßnahmen wie z.B. größere Übertragungsbandbreiten erzielt werden kann.

Im Anhang zu dieser Arbeit wird die Leistungsfähigkeit von MC-CDMA-Mobilfunksystemen

mit SD basierend auf MMSE-Entzerrung und von JD basierend auf MLSSE und MLSE in

Mobilfunkkanälen analytisch hergeleitet. Ferner wird ein neuartiges Vielfachzugriffsverfahren

vorgestellt, das in ähnlicher Weise wie MC-CDMA die Vorteile der Mehrträgermodulation

und der Bandspreiztechnik geeignet verbindet, jedoch nicht auf CDMA sondern auf FDMA

auf der Ebene von Unterträgern beruht. Das Vielfachzugriffsverfahren wird als SS-MC-MA

(engl. spread spectrum multi-carrier multiple access) bezeichnet und läßt sich direkt aus dem

Vielfachzugriffsverfahren MC-CDMA ableiten. In SS-MC-MA-Mobilfunksystemen kann die

Kanalschätzung für die Aufwärtsstrecke aufwandsgünstig realisiert werden. Es wird gezeigt,

daß SS-MC-MA-Mobilfunksysteme eine gute Übertragungsqualität bei voller Systemauslastung

in der Aufwärtsstrecke ermöglichen. In der Abwärtsstrecke benötigen sie jedoch ein etwa 1 dB

höheres SNR gegenüber MC-CDMA-Mobilfunksystemen mit gleicher Übertragungsqualität.
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Appendix A

Analytical Performance Evaluation

A.1 SD with MMSE Equalization

Since MMSE equalization is the most promising SD technique which has been investigated in

this thesis, the analytical derivation of the performance of uncoded MC-CDMA systems with

MMSE equalization presented in [Kai95c] is also included in this thesis.

A soft decided value after SD, symbol demapping, and deinterleaving can be written accord-

ing to (4.20). Assuming perfect frequency interleaving and sufficiently long spreading codes,

cf. Section 4.2.2, the MAI and the modified noise in (4.20) can be considered as additive zero

mean Gaussian noise according to the central limit theorem. Furthermore, when assuming

that the code bit b(k) and the real-valued fading factor ϑ′(k) are statistically independent and

E{|b(k)|2} is equal to 1, the BER can be calculated according to [Kai95c]

Pb =
1

2
erfc





√
√
√
√

E{ϑ′(k)2}
2(σ2

MAI + σ2
noise)



 . (A.1)

Employing Walsh Hadamard codes as orthogonal, user specific spreading codes, cf. Section 4.2.2,

and assuming perfect channel estimation, the application of the law of large numbers [Pap91]

together with (4.22) yields

E{ϑ′(k)2} = |E{G
¯ l H¯ l}|2. (A.2)

The variance of the MAI σ2
MAI and the variance of the noise σ2

noise are defined according to

(4.23) and (4.24), respectively. When applying MMSE equalization according to (3.64), the

expectation values in (A.2), (4.23), and (4.24) result for the uncorrelated Rayleigh fading

channel with (2.18) in

E{G
¯ l H¯ l} = E

{

|H
¯ l|2

|H
¯ l|2 + 1/γc

} ∣
∣
∣
∣
∣
|H
¯ l

| is Rayleigh distributed

= 1 +
e1/γc

γc

Ei

(

− 1

γc

)

, (A.3)

E{|G
¯ l H¯ l|2} = E







∣
∣
∣
∣
∣

|H
¯ l|2

|H
¯ l|2 + 1/γc

∣
∣
∣
∣
∣

2






∣
∣
∣
∣
∣
|H
¯ l

| is Rayleigh distributed

Samsung Exhibit 1012, Page 207 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



127

= 1 +
1

γc

+

(

1

γ2
c

+
2

γc

)

e1/γc Ei

(

− 1

γc

)

, (A.4)
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where the required integrals can be found in [RyG63] and Ei(−1/γc) is the exponential integral

defined as

Ei

(

− 1

γc

)

= −
∞∫

1/γc

e−x

x
dx. (A.6)

The exponential integral converges for 1/γc greater than 0 [AbS64]. By insertion of (A.3),

(A.4), and (A.5) in (A.2), (4.23), and (4.24), the values E{ϑ′(k)2}, σ2
MAI, and σ2

noise result for

MC-CDMA receivers using SD with MMSE equalization in [Kai95c]

E{ϑ′(k)2} =

[

1 +
e1/γc

γc

Ei

(

− 1

γc

)]2

, (A.7)
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1 +
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γc

)

e1/γc Ei

(

− 1

γc

)]

. (A.9)

Insertion of (A.7), (A.8), and (A.9) in (A.1) and given (3.51), a function which only depends

on Kq, L, and γs or γb according to (3.52), respectively, is obtained. Since the presented

analytical approach is based on the central limit theorem, its accuracy increases with increasing

spreading code length L. Thus, assuming sufficiently long spreading codes, the performance

of MC-CDMA mobile radio systems using SD with MMSE equalization can analytically be

evaluated. In Fig. A.1, the deviation between the analytical and the simulation results due to

the assumption with the central limit theorem is shown. The deviation is given in terms of the

required SNR γb to achieve the uncoded BER Pb equal to 10−2 for the uncorrelated Rayleigh

fading channel versus the spreading code length L. The results are obtained with fully loaded

subsystem. It can be observed that for spreading code lengths L equal to or greater than 8, the

SNR deviation between the analytical and the simulation results is equal to or less than 1 dB.

Hence, the analytical approach provides useful results for a spreading code length of L equal

to or greater than 8. It should be noted that the analytical results tend to be too optimistic.

Samsung Exhibit 1012, Page 208 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



128

1 10 100
L

 0

 1

 2

 3

 4

 5

SN
R

 d
ev

ia
tio

n 
in

 d
B

Figure A.1: SNR deviation between the analytical and the simulation results versus spreading

code length L; uncorrelated Rayleigh fading channel; QPSK; fully loaded subsystem, Kq = L;

Pb = 10−2

A.2 JD with MLSSE and MLSE

The BER obtained with MC-CDMA receivers using JD with MLSE and MLSSE can be upper

bounded for the uncorrelated Ricean fading channel [Kai95c] and with KRice equal to 0, also

for the uncorrelated Rayleigh fading channel [Faz93]. The BER Pb for any detector or decoder

based on MLSE can be upper bounded by [DiS88, MMB91]

Pb ≤
1

2

M
Kq

d∑

µ=1

M
Kq

d∑

ν=1

e(s
¯ν , ŝ¯µ) P{s

¯ν} P{ŝ
¯µ|s¯ν}, (A.10)

where s
¯ν , ν = 1, . . . ,M

Kq

d , is the set of all possible transmitted sequences, ŝ
¯µ, µ = 1, . . . ,M

Kq

d ,

is the set of all possible detected sequences, and e(s
¯ν , ŝ¯µ) is the number of bit errors that occur

when the sequence s
¯ν is transmitted and ŝ

¯µ is chosen in the detector. P{s
¯ν} is the probability

that the sequence s
¯ν has been transmitted. Since there are M

Kq

d possible sequences per block

which are assumed to be equal likely, the sequence probability is

P{s
¯ν} =

1

M
Kq

d

. (A.11)

P{ŝ
¯µ|s¯ν} represents the conditioned error probability that the decoder chooses ŝ

¯µ when s
¯ν was

transmitted. The conditioned error probability P{ŝ
¯µ|s¯ν} using the Chernoff bound is given by
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[DiS88, Kai95c]

P{ŝ
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for the uncorrelated Ricean fading channel, and simplifies to [DiS88, Faz93]

P{ŝ
¯µ|s¯ν} ≤

L∏

l=1

(

1 +
γs

4L
|S
¯ν,l − Ŝ

¯µ,l|2
)−1

(A.13)

for the uncorrelated Rayleigh fading channel. Hence, with (A.10), (A.11), (A.12), and (A.13),

the BER of MC-CDMA receivers using JD with MLSE can be upper bounded for the uncor-

related Ricean and Rayleigh fading channel. Since MLSSE theoretically achieves lower BERs

than MLSE, the derived upper bound for MLSE is also an upper bound for MLSSE. In Sec-

tion 3.3.4, it is shown that the performance of an uncoded MC-CDMA system with MLSSE is

almost the same as with MLSE. Fig. A.2 shows the derived upper bounds for an MC-CDMA

system with MLSSE in an uncorrelated Rayleigh fading channel and in an uncorrelated Ricean

fading channel with KRice equal to 5. The length of the Walsh Hadamard spreading codes L is

8 and the subsystem is fully loaded. It can be seen from Fig. A.2 that the upper bounds for

the uncorrelated Ricean and the uncorrelated Rayleigh fading channel are only 1 dB to 2 dB

above the simulation results for BERs Pb less than 10−2.
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Figure A.2: Average uncoded BER Pb versus SNR γb for JD with MLSSE and the assigned

upper bounds; uncorrelated Rayleigh and Ricean fading channel, KRice = 5; L = 8; Kq = 8;

QPSK
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Appendix B

Multiple Access Scheme SS-MC-MA

B.1 SS-MC-MA Signal Structure

This section presents a novel multiple access scheme which is referred to as spread spectrum

multi-carrier multiple access (SS-MC-MA). Similar to MC-CDMA, SS-MC-MA exploits the

advantages given by the combination of the spread spectrum technique with MC modulation

[KaF96, KaF97a]. An SS-MC-MA system is superior compared to an MC-CDMA system in

the uplink of a mobile radio system due to a simple channel estimation and a low-complex data

detection. Whereas, an MC-CDMA system outperforms an SS-MC-MA system in the downlink,

as it will be shown at the end of this section. Before presenting the SS-MC-MA signal structure

and its uplink performance, the basic similarities and differences between SS-MC-MA and MC-

CDMA systems are pointed out. This can preferably be done by comparing the SS-MC-MA

and the MC-CDMA transmitter for the downlink. Fig. B.1 shows the SS-MC-MA transmitter

for the downlink. The counterpart is the MC-CDMA transmitter with M -Modification shown
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Figure B.1: Principle of SS-MC-MA illustrated for the transmitter in the downlink to enable a

comparison with MC-CDMA shown in Fig. 3.8
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in Fig. 3.8. For convenience, the case with M equal to L and Kmax equal to L is considered in

this comparison. It can be observed that both transmitters are identical except for the mapping

of the user data to the subsystems. In SS-MC-MA systems, one user maps L data symbols to

one subsystem which this user exclusively uses for transmission. Consequently, different users

use different subsystems in SS-MC-MA systems. In MC-CDMA systems, M data symbols per

user are mapped to M different subsystems where each subsystem is shared by different users.

Between SS-MC-MA and MC-CDMA systems exist the following similarities:

• SS-MC-MA and MC-CDMA systems exploit frequency diversity by spreading each data

symbol over L subcarriers.

• Per subsystem, the same data detection techniques can be applied with both SS-MC-MA

and MC-CDMA systems.

• ISI and ICI can be avoided in SS-MC-MA and MC-CDMA systems, resulting in simple

data detection techniques.

Between SS-MC-MA and MC-CDMA systems exist the following differences:

• In SS-MC-MA systems, the code division is used for the simultaneous transmission of the

data of one user on the same subcarriers, whereas in the case of MC-CDMA systems,

the code division is used for the transmission of the data of different users on the same

subcarriers. Therefore, SS-MC-MA is an FDMA scheme on subcarrier level, whereas

MC-CDMA is a CDMA scheme.

• MC-CDMA systems have to cope with MAI, which is not present in SS-MC-MA systems.

Instead of MAI, the SS-MC-MA system has to cope with self interference caused by the

superposition of signals from the same user.

• In SS-MC-MA systems, each subcarrier is exclusively used by one user, enabling low

complex channel estimation especially for the uplink. In MC-CDMA systems, the channel

estimation in the uplink has to cope with the superposition of signals from different

users which are faded independently on the same subcarriers, increasing significantly the

complexity of the uplink channel estimation.

• In an MC-CDMA system, M data symbols are spread over M ·L subcarriers, whereas in

an SS-MC-MA system, L data symbols are spread over the same L subcarriers. Hence,

MC-CDMA is able to exploit more frequency diversity.

After this comparative introduction of SS-MC-MA, the uplink transmitter and the assigned

receiver are described in detail in the sequel.

SS-MC-MA Transmitter: Fig. B.2 shows an SS-MC-MA transmitter with channel coding

for the data of the kth user, k = 1 . . . K, for the uplink. The components channel encoding,
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Figure B.2: SS-MC-MA transmitter of the kth user for the uplink

interleaving, and symbol mapping are identical to those described in Chapter 4 for MC-CDMA

systems. In SS-MC-MA systems, L subsequent complex-valued data symbols d
¯

(k)
l , l = 1 . . . L,

of user k are serial-to-parallel converted. The vector

d
¯

(k) = (d
¯

(k)
1 , d

¯
(k)
2 , . . . , d

¯
(k)
L )T (B.1)

represents one block of L parallel converted data symbols of the kth user. Each of the L data

symbols is multiplied with another orthogonal spreading code of length L. The L × L matrix

C
¯

= (c
¯1 c

¯2 . . . c
¯L) =











C
¯ 1,1 C

¯ 2,1 · · · C
¯ L,1

C
¯ 1,2 C

¯ 2,2 C
¯ L,2

...
. . .

...

C
¯ 1,L C

¯ 2,L · · · C
¯ L,L











(B.2)

represents the L different spreading codes c
¯l, l = 1, . . . , L, used by user k. The matrix C

¯
is the same for all users. The modulated spreading codes are data symbol and, thus, chip

synchronously added, resulting in the transmission vector

s
¯

(k) = C
¯

d
¯

(k) = (S
¯

(k)
1 , S

¯
(k)
2 , . . . , S

¯
(k)
L )T (B.3)

consisting of L components. To increase the robustness of SS-MC-MA systems e.g. against inter

cell interference, less than L data modulated spreading codes can be added to one transmission

vector s
¯

(k).

Comparable to the frequency interleaving in MC-CDMA systems, the SS-MC-MA transmitter

performs a user specific frequency mapping [KaF97b] such that subsequent components of

s
¯

(k) are interleaved and mapped to subcarriers with maximum distance. The subcarriers of

the different subsystems are chosen such that each subsystem exploits the whole transmission

bandwidth. The user specific frequency mapping assigns each subsystem and, hence, each user

exclusively its L subcarriers, avoiding MAI. The Q-Modification introduced in Section 3.2 for

MC-CDMA systems is inherent in SS-MC-MA systems. The M -Modification can similar as

for MC-CDMA systems be applied to SS-MC-MA systems by assigning a user more than one

subsystem.

Samsung Exhibit 1012, Page 213 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



133

OFDM with guard interval is applied in SS-MC-MA systems in the same way as in MC-CDMA

systems, cf. Section 3.1.1. In order to perform coherent data detection at the receiver and

to guarantee robust time and frequency synchronization, pilot symbols are multiplexed in the

transmitted data.

SS-MC-MA Receiver: An SS-MC-MA receiver with coherent detection of the data of the

kth user is shown in Fig. B.3. After inverse OFDM with user specific frequency demapping and
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Figure B.3: SS-MC-MA receiver of the kth user

extraction of the pilot symbols from the symbols with user data, the MC demodulated vector

r
¯

(k) = H
¯

(k)s
¯

(k) + n
¯

(k) = (R
¯

(k)
1 , R

¯
(k)
2 , . . . , R

¯
(k)
L )T (B.4)

with the data of the kth user is obtained, where the L × L diagonal matrix H
¯

(k) and the

vector n
¯

(k) of length L describe the channel fading and noise, respectively, on the subcarriers

exclusively used by the kth user.

Any of the SD or MD data detection techniques presented for MC-CDMA systems in Section 3.3

can be applied for the detection of the data of a single user per subsystem in SS-MC-MA

systems. However, SS-MC-MA systems offer especially in the downlink the advantage that

with JD in one estimation step simultaneously L data symbols of a single user are estimated.

Compared to MC-CDMA systems, the complexity of JD per data symbol in SS-MC-MA systems

reduces by a factor of L in the downlink. With JD, LLRs can inherently be obtained from

the detection algorithm which may also include the symbol demapping, cf. Chapter 4. After

deinterleaving and decoding of the LLRs, the detected source bits of the kth user are obtained.

B.2 Performance

In the following, the performance of an SS-MC-MA mobile radio system in the uplink is pre-

sented. Table B.1 shows the SS-MC-MA system parameters used in the uplink. These pa-

rameters are chosen such that they correspond as far as possible with the MC-CDMA system
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Table B.1: Basic parameters of the proposed SS-MC-MA mobile radio system

bandwidth B = 2 MHz

carrier frequency fc = 1.8 GHz

TDMA frame duration TTDMA = 18.4 ms

number of OFDM frames per TDMA frame Nfr = 4

OFDM frame duration Tfr = 4.6 ms

number of OFDM symbols per OFDM frame Ns = 31

OFDM, inverse OFDM 256 point IFFT, 256 point FFT

OFDM symbol duration including guard interval T ′
s = 148 µs

guard interval duration Tg = 20 µs

subcarrier spacing Fs = 7.8 kHz

total number of subcarriers used per user N ′
c = 8

spreading code Walsh Hadamard code

spreading code length L = 8

data detector MLSSE

data symbol mapping QPSK with Gray encoding

channel code convolutional code

code rate R = 1/2

memory Mc = 6

channel decoder Viterbi decoder

code bit interleaver pseudo random interleaver

code bit interleaver size Ic = 384

channel estimator 1-D FIR filters

filter taps Ntap = 5

Doppler filter bandwidth fD,filter = 333.3 Hz

pilot symbol distance in time Nt = 5

maximum number of active users per OFDM frame Kmax = 32

user capacity Ksys = 128

net bit rate per user 10.5 kbit/s ≤ Rb ≤ 1.3 Mbit/s

bandwidth efficiency β = 0.67 bit/s/Hz

parameters for the downlink presented in Table 6.1. The SS-MC-MA system parameters de-

scribed in the following differ from those of the MC-CDMA system presented in Chapter 6.

The SS-MC-MA system transmits only on 256 subcarriers. Since the channel estimation in the

considered SS-MC-MA system is based on a 1-D filtering in time direction which should fulfill

two-times oversampling of the time-variant fading process, the overhead due to pilot symbols
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can be reduced with decreasing OFDM symbol durations. However, it has to be taken into

account that with decreasing OFDM symbol duration the loss in bandwidth efficiency due to

the guard interval increases. The used TDMA frame structure consisting of 4 time slots. A

time slot corresponds to an OFDM frame consisting of 31 OFDM symbols as illustrated in

Fig. B.4. Each user exclusively transmits on 8 subcarriers, where 3 of the 8 subcarriers used by

time

freq.

data bearing symbol 
of user k 

pilot symbol 
of user k

...
data bearing or pilot
symbol of user g = k

1

1

31

256

T  = 4.6 msfr

...
...

Figure B.4: OFDM frame of the proposed SS-MC-MA mobile radio system; Nc = 256; Ns = 31;

Nt = 5; Ngrid = 1792

the kth user are depicted. Hence, per user, a block of 8 serial data symbols is parallel converted

and spread with orthogonal Walsh Hadamard codes of length L equal to 8, resulting after su-

perposition in the transmission sequence s
¯

(k), cf. (B.3). Note that in contrast to Fig. B.2, an

additional interleaver is applied which scrambles 192 components of 24 transmission sequences

s
¯

(k) with the intention to increase the diversity potential of the system. Per OFDM symbol, 8

randomly interleaved components are mapped on 8 subcarriers exclusively used by the kth user.

The 8 user specific subcarriers are distributed over he whole bandwidth. The receiver applies

an MLSSE for data detection. The channel coding part is identical to that of the MC-CDMA

system presented in Chapter 6.

For the uplink channel estimation, a simple 1-D filtering in time direction is used per subcarrier.

The 1-D FIR filter is designed as 1-D Wiener filter for a rectangular Doppler power spectrum

where fD,filter = 333.3 Hz is chosen as worst case condition. The pilot symbol spacing in time

direction Nt is chosen equal to 5 to two-times oversample the dynamics of the fading in time

direction, given fDmax = 333.3 Hz. The 1-D FIR filter is realized with 5 taps, which is a good

compromise between performance and complexity [HKR97a].
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The average coded BER Pb versus the SNR γb for the presented SS-MC-MA system in the

uplink is shown in Fig. B.5. The COST 207 channel models, each with different velocities v

of the MS, are considered. It should be noted that the performance of the SS-MC-MA system

is independent of the number of active users due to the avoidance of MAI, i.e., the presented

performance is valid for a fully loaded system and also for a system with only one active user.

The total SNR loss due to the guard interval and the pilot symbols is 1.6 dB and is taken into
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10 log10(γb) in dB

 10
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 10
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Figure B.5: Average coded BER Pb versus average SNR γb per bit for the SS-MC-MA system

in the uplink; COST 207 channel models: different velocities v of the MS; MLSSE; 1-D channel

estimation; L = 8; QPSK; R = 1/2

account in the results of Fig. B.5. It can be observed that even in a scenario with velocity of

250 km/h in a rural area, an SNR of 14 dB is sufficient to guarantee a BER Pb less than 10−3.

The proposed SS-MC-MA system achieves for the uplink the bandwidth efficiency of

β = 0.67 bit/s/Hz. (B.5)

In the downlink, an SS-MC-MA system can achieve the same high bandwidth efficiency as

the MC-CDMA system presented in Chapter 6, when also applying channel estimation in two

dimensions. To fair compare the performance of the MC-CDMA system proposed in Chapter 6

with the performance of the SS-MC-MA system proposed in this section, the influence due

to the different channel estimation concepts is avoided by comparing the performance under

the assumption of perfect channel estimation. In Table B.2, the SNR γb degradation of the

SS-MC-MA system compared to the MC-CDMA system is given for the four propagation

scenarios under investigation at a BER Pb of 10−3. The MC-CDMA system shows a significant

performance improvement compared to the SS-MC-MA system in the propagation scenario BU,
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Table B.2: SNR degradation of the presented SS-MC-MA mobile radio system compared to

the MC-CDMA mobile radio system investigated in Chapter 6; perfect channel estimation

BU TU HT RA

v=3 km/h v=30 km/h v=150 km/h v=250 km/h

SNR degradation in dB 1.6 0.8 1.0 1.1

v equal to 3 km/h, which has less time diversity. As already mentioned, MC-CDMA systems

can better exploit frequency diversity compared to SS-MC-MA systems. If the propagation

scenario offers time diversity, the SNR degradation with the SS-MC-MA system compared to

the MC-CDMA system is about 1 dB. For more details about the performance and flexibility

of SS-MC-MA mobile radio systems, the reader is referred to [KaF97a, KaF97b].

It can be concluded that a promising future mobile radio system may use in the downlink the

MC-CDMA system proposed in Chapter 6, and in the uplink the SS-MC-MA system proposed

in this section. This combination achieves for both links a high bandwidth efficiency and great

flexibility. Furthermore, in both links the same hardware can be used, only the user data have

to be mapped differently.
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Notations

Symbols

a(f, t) magnitude of H
¯

(f, t)

arg max
x

y(x) value of x which maximizes the function y(x)

a(k)
κ κth source bit of a(k) of the kth user

â(k)
κ hard decided value of a(k)

κ

an,i amplitude of H
¯ n,i

ap amplitude of the pth path

athresh threshold determining the controlled equalization

a(k) source bit vector of the kth user

â(k) hard decided value of a(k)

b(k) code bit of the kth user

b(k)
κ κth code bit of b(k) of the kth user

b̂(k)
κ hard decided value of b(k)

κ

b(k) code bit vector of the kth user

b̂
(k)

hard decided value of b(k)

B bandwidth

c speed of light

c
¯

(k) MC-CDMA spreading code vector of the kth user

C
¯

(k)
l lth chip of the MC-CDMA spreading code vector c

¯
(k)

C
¯

spreading code matrix

d
¯

(k) data symbol of the kth user

d
¯

(k)
κ κth data symbol of d

¯
(k) of the kth user

d̂
¯

(k)[j]
hard decided value with IC after jth iteration

d̂
¯

(k)
hard decided value of d

¯
(k)

d̂
¯

(k)

κ hard decided value of d
¯

(k)
κ

d
¯

data symbol vector representing the Kq data symbols d
¯

(k)

d
¯

(k) data symbol vector of the kth user

d̂
¯

hard decided value of d
¯

d̂
¯

(k)
hard decided value of d

¯
(k)

D diversity

Df frequency diversity

Dt time diversity
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E{.} expectation

Ei(.) exponential integral

f frequency

∆f frequency difference

fc carrier frequency

fD Doppler frequency

fD,filter maximum Doppler frequency permitted in the filter design

fDmax maximum Doppler frequency

fD,p Doppler frequency of the pth path

fn nth subcarrier frequency

(∆f)c coherence bandwidth

Fs subcarrier spacing

G
¯ l lth diagonal element of the equalizer matrix G

¯
G
¯

equalizer matrix

G
¯

[j] equalizer matrix used for IC in the jth iteration

h
¯
(τ) time-invariant channel impulse response

h
¯
(τ, t) time-variant channel impulse response

H
¯

(f, t) time-variant channel transfer function

H
¯ n,i discrete-time/-frequency time-variant channel transfer function

Ȟ
¯ n′,i′ initial estimate of H

¯ n′,i′ at pilot symbol positions

Ĥ
¯ n,i final estimate of H

¯ n,i

H
¯ l lth diagonal element of the channel matrix H

¯
H
¯

channel matrix

I0(.) zero-order modified Bessel function of first kind

Ic size of the bit interleaver

ITC size of the Turbo code interleaver

j
√
−1

J average mean square error

Jit number of iterations in the multistage detector

Jl mean square error of the equalizer used for SD

Jn.i mean square error of the channel estimation

K number of active users

Kmax maximum number of active users

Kq number of active users of the qth user group

Kq,max maximum number of active users of the qth user group

KRice Rice factor

Ksys user capacity

l(k) log-likelihood ratios of b(k)

l(g)[j]
re log-likelihood ratio vector representing the Lb log-likelihood ratios L(g)[j]

re

L spreading code length

La length of the source bit vector a(k)
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Lb length of the code bit vector b(k)

Ld length of the data symbol vector d
¯

(k)

Lg length of guard interval

L(k) log-likelihood ratio assigned to b(k)

L(g)[j]
re log-likelihood ratio ratios after re-encoding for soft IC, jth iteration

L(k)
κ log-likelihood ratio assigned to b(k)

κ

m parameter of the Nakagami-m distribution

mp parameter of the Nakagami-m distribution assigned to the pth path

M number of data symbols transmitted per user and OFDM symbol

Mc memory of channel code

Md maximum number of different realizations of a data symbol d
¯

(k)

Ms maximum number of different realizations of a chip C
¯

(k)
l

n
¯
(t) additive noise signal

n
¯

noise vector

Nc number of subcarriers

N
¯ l lth element of the noise vector n

¯
Nf pilot symbol distance in frequency direction

Nfr number of time slots per TDMA frame

Ngrid number pilot symbols per OFDM frame

Np number of path

Ns number of OFDM symbols per OFDM frame

Nt pilot symbol distance in time direction

Ntap number of filter taps

Nw number of waves assigned to one scatterer

p(.) probability density function

P{.} probability

Pb average BER

P set of pilot positions in an OFDM frame

Q number of user groups

Q{.} quantization operation

r
¯

received vector after inverse OFDM

r
¯

(k) received vector of the kth user after inverse OFDM

R code rate

R
¯
(τ1, τ2, ∆t) autocorrelation function of a WSS channel impulse response

Rb bit rate

R
¯ l lth element of the received vector r

¯
s
¯

source vector before OFDM

s
¯

(k) source vector of the kth user before OFDM

s
¯m source vector containing the mth transmitted data symbol before OFDM

s
¯q source vector of the qth user group before OFDM

S(τ,fD) scattering function
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SfD
(fD) Doppler power density spectrum

SfD,filter(fD) Doppler power density spectrum used for filter design

S
¯ l lth element of the vector s

¯
t time

∆t time difference

(∆t)c coherence time

T source symbol duration

Tc chip duration

Td data symbol duration

Tfr OFDM frame duration

Tg duration of guard interval

Ts OFDM symbol duration without guard interval

T ′
s OFDM symbol duration with guard interval

TTDMA TDMA frame duration

Tn,i set of filter coefficients used for estimation of Ĥ
¯ n,i

u
¯

equalized vector

U
¯ l lth element of the equalized vector u

¯
v velocity

v
¯

(k) soft decided value of d
¯

(k)

v
¯

(k)
κ soft decided value of d

¯
(k)
κ

v
¯

(k) soft decided value of d
¯

(k)

V
¯ c chip alphabet

V
¯ d data symbol alphabet

Vguard loss in SNR due to the guard interval

Vpilot loss in SNR due to the pilot symbols

w(k) soft decided value of b(k)

w(k)
κ soft decided value of b(k)

κ

w(g)[j]
re soft decided value after re-encoding for soft IC, jth iteration

w(k) soft decided value of b(k)

w(g)[j]
re soft decided value vector representing the Lb soft decided values w(g)[j]

κ,re

x
¯
(t) transmitted signal

x
¯ν νth element of the transmitted vector x

¯
x
¯

transmitted vector

X
¯

(f) frequency spectrum of the transmitted signal x
¯
(t)

y
¯
(t) received signal

y
¯ν

νth element of the received vector y
¯

y
¯

received vector

αp angle of incidence of a wave assigned to the pth path

β bandwidth efficiency

γb average SNR per bit at the input of the data detector
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γc average SNR per subcarrier at the input of the data detector

γs average SNR per data symbol at the input of the data detector

Γ(.) Gamma function

δ(t) Dirac delta function

δi Kronecker delta

∆2(., .) squared Euclidean distance

ε
¯l error between transmitted and equalized element on the lth subcarrier

ε
¯n,i estimation error of the channel estimation

ζ
¯

(g,k) weighting factor of the MAI after detection

ζ ′(g,k) weighting factor of the MAI after symbol demapping

η
¯

(k) noise after detection

η′(k) noise after symbol demapping

θ
¯
(∆f) frequency correlation function

θ
¯
(∆t) time correlation function

θ
¯i−i′′ discrete time correlation function

θ
¯n−n′′ discrete frequency correlation function

θ
¯n−n′′,i−i′′ crosscorrelation function

θ
¯n,i crosscorrelation vector

ϑ
¯

(k) modified fading factor after detection

ϑ′(k) modified fading factor after symbol demapping

λ parameter used for suboptimum MMSE equalization

Λ overhead due to pilot symbols

ξ
¯l

parameter used for controlled equalization

ρ(τ) delay power density spectrum

ρ
¯
(τ, ∆t) delay cross-power spectral density

ρfilter(τ) delay power density spectrum used for the filter design

σ2 variance of the noise

σ2
ap,w

variance of the wave amplitudes in the CODIT channel models

σMAI variance of the MAI

σnoise variance of the noise after detection

στ delay spread

τ delay

τfilter maximum delay permitted in the filter design

τmax maximum delay

τ̄ mean delay

τp delay of the pth path

φn′−n′′,i′−i′′ autocorrelation function

Φ
¯

autocorrelation matrix

ϕn,i phase offset of H
¯ n,i

ϕp phase offset of the pth path

ωn′,i′,n,i filter coefficient
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ω
¯ n,i filter coefficient vector

ω̃
¯ n,i filter coefficient vector with model mismatch

Ω average power

Ωp average power of the pth path

(.)H Hermitian transposition of a vector or a matrix

(.)T transposition of a vector or a matrix

(.)−1 inversion

(.)∗ complex conjugation

|.| absolute value

‖.‖ norm of a vector

dxe smallest integer larger or equal to x

∞ infinity

Abbreviations

AWGN additive white Gaussian noise

BER bit error rate

BPSK binary phase shift keying

BS base station

CDMA code division multiple access

CODIT Code Division Testbed

COST European Cooperation in the Field of Scientific and Technical Research

DAB Digital Audio Broadcasting

DFT discrete Fourier transform

DS direct sequence

DVB-T terrestrial Digital Video Broadcasting

EGC equal gain combining

FDMA frequency division multiple access

FFT fast Fourier transform

FH frequency hopped

FIR finite impulse response

FPLMTS Future Public Land Mobile Telecommunications Systems

GSM Global System for Mobile Communications

IC interference cancellation

ICI intersubchannel interference

IDFT inverse discrete Fourier transform

IFFT inverse fast Fourier transform
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IMT-2000 International Mobile Telecommunications 2000

ISI intersymbol interference

JD joint detection

LLR log-likelihood ratio

LOS line of sight

MAI multiple access interference

MAP maximum a posteriori

MC multi-carrier

MD multi-user detection

MF matched filter

ML maximum likelihood

MLSE maximum likelihood sequence estimation

MLSSE maximum likelihood symbol-by-symbol estimation

MMSE minimum mean square error

MRC maximum ratio combining

MS mobile station

MT multi-tone

OFDM orthogonal frequency division multiplexing

ORC orthogonality restoring combining

QPSK quaternary phase shift keying

RCPC code rate compatible punctured convolutional code

SD single-user detection

SNR single-to-noise ratio

SORC smooth orthogonality restoring combining

SOVA soft output Viterbi algorithm

SS-MC-MA spread spectrum multi-carrier multiple access

TDMA time division multiple access

TH time hopped

TORC threshold orthogonality restoring combining

UMTS Universal Mobile Telecommunications Systems

US uncorrelated scattering

WSS wide sense stationary

WSSUS wide sense stationary uncorrelated scattering

ZF zero-forcing
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Abstract 
 

Only 100 years after the Italian radio engineer and later Nobel Prize winner G. Marconi first 
experimented with wireless communication, the mobile communications sector has become one 
of the fastest growing markets in the world. When the first generation of mobile radio systems 
was introduced in the 1980s, it soon became clear that the capabilities of these predominantly 
analog systems would not be sufficient to meet the increasing demand for mobile 
communications. This bottleneck was overcome in the early 1990s with the introduction of the 
second generation of mobile radio systems, which significantly improved capability thanks to 
fully digital systems. The GSM (Global System for Mobile Communications) standard 
developed in Europe for second-generation mobile communications systems has become the 
most widely accepted worldwide. However, it is a fact that the second generation will not be 
able to meet the mobile communication needs of the 21st century. Future third-generation 
mobile radio systems are expected to offer high bandwidth efficiency due to the limited 
frequency range available and a high degree of flexibility. In this context, key features are 
multimedia services with voice, image, and data transmission, which require different and 
variable data rates and should be available in a wide variety of environments and cell 
structures. 

When designing third-generation mobile radio systems, the method used by the individual 
subscribers to access the channel is crucial for the bandwidth efficiency and flexibility of the 
system. This is where the elementary frequency division multiple access (FDMA), time division 
multiple access (TDMA), and code division multiple access (CDMA) methods come into play. Of 
the various CDMA multiple access methods, the one with DS (direct sequence spreading) has 
become the most widely accepted. In the case of DS-CDMA, the subscriber data is multiplied by 
high-rate spreading codes and thus spread in the transmission bandwidth. The individual 
subscribers transmit their spread data in the same frequency band, and, by selecting the 
appropriate subscriber-specific spreading codes, it can be ensured that the interference between 
the subscribers (multiple access interference, MAI) is minimized. In-depth investigations have 
shown that none of the elementary multiple access methods alone can meet the requirements of 
third generation mobile radio systems and that further investigations with hybrid multiple 
access methods are necessary. Hybrid multiple access methods are combinations of the 
elementary multiple access methods that make it possible to successfully combine the 
advantages of the elementary multiple access methods. Moreover, keeping abreast of the latest 
developments in communications engineering, such as in the field of  
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multicarrier modulation, is important, as these may be able to improve the elementary and 
hybrid multiple access methods. 

In recent times, multicarrier modulation has taken on great importance, as developments in 
semiconductor technology have enabled the implementation of digital multicarrier modems 
with low complexity based on several thousand subcarriers using the fast Fourier transform 
(FFT). Multicarrier modulation converts high-rate, serial data streams, which are subject to 
strong inter-symbol interference (ISI) in typical mobile radio channels with multipath 
propagation, into low-rate, parallel substreams with reduced ISI and modulates them on 
different subcarriers. Remaining ISI can be eliminated by inserting a guard interval consisting 
of a cyclic extension of the symbol in the receiver. To ensure the most efficient use of the 
available transmission bandwidth, the frequency spectra of the substreams are overlapped, 
meaning that the signals on the individual subcarriers are orthogonal to each other and 
inter-channel interference (ICI) can be avoided if the subcarrier spacing is selected to be equal 
to the data rate. This orthogonal frequency division multiplexing process is known as OFDM, 
and the data symbols transmitted in parallel form an OFDM symbol. The major breakthrough 
of multicarrier modulation came in the 1990s when OFDM was chosen for the European Digital 
Audio Broadcasting Standard (DAB Standard) and the European Terrestrial Digital Video 
Broadcasting Standard (DVB-T Standard). Since 1993, there has been intensive research into 
the use of multicarrier modulation in mobile radio systems. Particular focus has been placed on 
the combination of multi-carrier modulation with CDMA, with two different concepts being 
introduced. The first concept is referred to as MC-CDMA (multi-carrier CDMA) or 
OFDM-CDMA and is the subject of this paper. The second concept was introduced in two 
variants, the first referred to as MC-DS-CDMA (multi-carrier direct sequence CDMA) and the 
second as MT-CDMA (multi-tone CDMA). 

The multiple access method MC-CDMA involves assigning each chip of the CDMA spreading 
code to a subcarrier so that a data symbol is spread over several subcarriers simultaneously. To 
avoid ICI, the subcarriers have a spacing that corresponds to the reciprocal of the OFDM 
symbol duration. If, through suitable dimensioning of the MC-CDMA mobile radio system, the 
channel fading on the individual subcarriers can be regarded as non-frequency-selective and 
time-invariant for the duration of an OFDM symbol and, furthermore, ISI is eliminated, 
effective receivers with low complexity can be created. In contrast to conventional CDMA 
mobile radio systems, orthogonal, subscriber-specific spreading codes can ideally be used in 
MC-CDMA mobile radio systems, as ISI and ICI can be avoided during data detection.

MC-DS-CDMA and MT-CDMA convert the data symbols of a subscriber
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into parallel, low-rate substreams before each substream is multiplied by a subscriber-specific 
spreading code and thus spread. In the case of the MC-DS-CDMA multiple access method, the 
signals on the subcarriers are orthogonal to each other after spreading, whereas in MT-CDMA 
they are orthogonal to each other before spreading. With MC-DS-CDMA, the data of a 
subscriber is no longer spread over the entire frequency range, but only over that of a 
subcarrier, which reduces the achievable frequency diversity gain of the system as the number 
of subcarriers increases. MC-DS-CDMA is more suitable for exploiting time diversity, although 
greater delays occur during data transmission. MT-CDMA can achieve approximately the same 
frequency diversity gains as DS-CDMA or MC-CDMA, since a data symbol is spread over 
almost the entire frequency range. With MT-CDMA, however, the orthogonality of the signals 
on the subcarriers is lost due to the DS-spreading of the data, so that ICI occurs. 

Several studies have compared the performance of the multiple access methods MC-CDMA, 
DS-CDMA, MC-DS-CDMA, and MT-CDMA in terms of bit error rate and bandwidth efficiency. 
The test results showed clear advantages for MC-CDMA over the other multiple access methods 
in the downlink of a mobile radio system, with MC-CDMA achieving up to four times higher 
bandwidth efficiency. Comparisons between MC-CDMA and DS-CDMA in the uplink of a 
mobile radio system also showed advantages for MC-CDMA. 

Parallel to the activities in the field of MC-CDMA, studies are also being carried out with the 
multi-carrier modulated multiple access methods MC-FDMA and MC-TDMA. Both novel 
multiple access methods are described in this paper and their performance is compared with 
that of MC-CDMA mobile radio systems. 

This thesis pursues two main goals. The first goal is to develop and optimize the individual 
MC-CDMA system components data detection, channel decoding with reliability information,
and channel estimation. The second goal is to develop and analyze an MC-CDMA mobile radio
system as a whole. With regard to the overall system analysis, it is important that the mobile
radio channel models used to test the presented MC-CDMA mobile radio system meet the
requirements of future mobile radio systems. Thus, propagation scenarios that are typical for
macro, micro, and pico cells are simulated in the investigations. The channel models of the
CODIT (Code Division Testbed) study and the COST (European Cooperation in the Field of
Scientific and Technical Research) 207 study are used for this purpose.

Based on the description of multicarrier modulation based on OFDM, this thesis presents the 
MC-CDMA signal structure and demonstrates its flexibility in terms of data rate and
subscriber capacity by introducing suitable system modifications and the use of frequency
interleaving. A time and frequency discrete MC-CDMA transmission model is proposed, which
is mathematically described using matrix-vector notation. Optimal and suboptimal MC-CDMA
data detection techniques are
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mathematically described based on the time and frequency discrete MC-CDMA transmission 
model and their performance is compared. In MC-CDMA mobile radio systems, single-user 
detection (SD), which does not consider any prior knowledge about the MAI in the data 
detection, is achieved by separate equalization on each subcarrier, which corresponds to a 
complex-value multiplication per subcarrier for each OFDM symbol. The data is then 
back-spread using the subscriber-specific spreading code. The SD techniques MMSE 
equalization (minimum mean square error equalization) and ZF equalization (zero-forcing 
equalization) are examined. Furthermore, diversity techniques such as MRC (maximum ratio 
combining) and EGC (equal gain combining) are also used as SD techniques. MMSE 
equalization minimizes the mean square error between the transmitted signal and the 
equalized signal in the receiver and shows the lowest bit error rates in mobile radio channels 
with MAI compared to the other SD techniques with the same signal-to-noise ratio (SNR). Since 
MMSE equalization requires knowledge about the average SNR per subcarrier, a suboptimal 
MMSE equalization is presented that does not require additional knowledge about the current 
SNR, but comes close to the performance of the optimal MMSE equalization. Additionally, the 
more complex but more powerful multi-user detection (MD) is being studied, in which prior 
knowledge of the MAI is utilized during data detection. MD distinguishes between detection 
techniques based on the principles of interference cancellation (IC) and joint detection (JD). The 
principle of IC is to detect the information of the interfering subscribers and thus reconstruct 
the MAI and subtract it from the received signal before the information of the subscriber in 
question is detected. The IC can be performed in several iterations, resulting in multi-stage 
detection. This thesis presents a multistage detection method with IC, in which the individual 
detection stages work with an MMSE equalization adapted to the remaining MAI. The optimal 
data detector uses JD with maximum likelihood criterion. The optimal MLSE (maximum 
likelihood sequence estimation) and the optimal MLSSE (maximum likelihood 
symbol-by-symbol estimation) for MC-CDMA mobile radio systems are described and analyzed. 
Optimal data detectors with acceptable complexity can be realized in MC-CDMA mobile radio 
systems by avoiding ISI and ICI in the detection process and by using suitable system 
modifications resulting from multicarrier modulation. The use of optimal data detectors is 
practically impossible in conventional DS-CDMA mobile radio systems due to the higher 
implementation effort. 

Channel coding is an efficient technique to counteract the interference from the mobile radio 
channel. This thesis examines an MC-CDMA mobile radio system with convolutional coding 
and Viterbi decoding. The Viterbi algorithm is a simple decoding algorithm that can optimally 
process decisions with reliability information and determines the most likely transmitted 
sequence according to the maximum likelihood criterion. The optimal decisions with reliability 
information  
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are log-likelihood ratios (LLRs). This thesis derives the LLRs for MC-CDMA mobile radio 
systems with SD and with MD and presents suitable simplifications of the optimal LLRs. The 
thesis also presents a so-called soft IC in which data detection and channel decoding are 
iteratively linked in a way that enables the IC to additionally utilize reliability information 
about the reconstructed MAI. This reduces error propagation compared to conventional IC. 
Evidence shows that lower bit error rates are achieved with soft IC than with MLSSE and 
channel coding at the same SNR. The MAI-free case (single-user bound), which represents a 
lower limit for the bit error rate, can be approximated very well with Soft-IC. The LLRs 
proposed in this thesis enable the turbo codes with iterative turbo decoding proposed in 1993 to 
be used optimally in MC-CDMA mobile radio systems. In turbo decoding, the interleaver size 
and the number of iterations are decisive for the coding gain. Studies shows that turbo codes in 
MC-CDMA mobile radio systems achieve only small coding gains in voice transmission and that 
their higher complexity compared to simple convolutional codes does not justify their use. The 
decisive factor for this is that only small delays are permissible in voice transmission and 
therefore only small interleaver sizes can be used. The optimum ratio between channel code 
rate and spreading code length is determined for MC-CDMA mobile radio systems with 
convolutional coding. A bandwidth efficiency scheme is used to show that MC-CDMA cellular 
systems achieve higher bandwidth efficiency compared to MC-FDMA and MC-TDMA cellular 
systems. 

Receivers with coherent data detection and channel decoding with reliability information 
require knowledge about the transmission function of the mobile radio channel, which must 
therefore be estimated in the receiver. For message systems with multi-carrier modulation, a 
two-dimensional (2-D) channel estimation based on pilot symbols is suitable. If the pilot 
symbols are distributed over the OFDM symbols with sufficient density in frequency and time 
direction, the channel’s transfer function can be determined by interpolation or filtering. The 
optimum 2-D filter according to the MMSE criterion is the 2-D Wiener filter. Based on the 
description of the theory of optimal 2-D Wiener filtering, this thesis develops a channel 
estimation with filtering in two dimensions for an MC-CDMA cellular system, considering the 
downlink. Since the correlation functions of the mobile radio channel must be known to the 
optimal 2-D Wiener filter, two less complex, cascaded one-dimensional (1-D) FIR filters are 
used, which are optimized for the most critical conditions that can occur in the mobile radio 
channel under consideration. As shown, the performance of two cascaded 1-D FIR filters 
corresponds to that of a 2-D FIR filter. Since data transmission in the MC-CDMA mobile radio 
system under investigation takes place in individual OFDM frames, the transmission function 
of the mobile radio channel is only filtered via an OFDM frame. An OFDM frame consists of a 
finite number of consecutive OFDM symbols. The selected arrangement of the pilot symbols in 
an OFDM frame fulfills the 2-D sampling theorem, whereby double oversampling  
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in the time and frequency directions proves to be suitable. Studies using the mean square 
estimation error show that the developed channel estimation still works reasonably in different 
propagation regions, which are typical for macro-, micro-, and picocells, and at Doppler 
frequencies above 400 Hz. 

As part of an overall system analysis, an MC-CDMA mobile radio system in the downlink with 
real channel estimation and channel coding is designed and examined. The CODIT and 
COST-207 channel models are used for this purpose. It is shown that the considered MC-CDMA 
mobile radio system is able to guarantee a good transmission quality with full system 
utilization under different propagation conditions. In most cases, an SNR of 8 dB to 12 dB is 
sufficient to guarantee an average bit error rate of 10~3. The presented MC-CDMA mobile radio 
system achieves the high bandwidth efficiency of 0.81 bit/s/Hz. Furthermore, the studies show 
that propagation conditions that are typical for small mobile radio cells such as micro and pico 
cells are generally critical, as they offer little frequency and time diversity and sufficient 
transmission quality can only be achieved by measures such as larger transmission 
bandwidths. 

In the appendix to this paper, the performance of MC-CDMA mobile radio systems with SD 
based on MMSE equalization and of JD based on MLSSE and MLSE in mobile radio channels is 
determined by analysis. Furthermore, a novel multiple access method is presented that 
combines the advantages of multicarrier modulation and band spreading technology in a 
similar way to MC-CDMA; however, it is not based on CDMA, but rather on FDMA at the 
subcarrier level. The multiple access method is referred to as SS-MC-MA (spread spectrum 
multi-carrier multiple access) and can be derived directly from the MC-CDMA multiple access 
method. In SS-MC-MA mobile radio systems, channel estimation for the uplink can be realized 
at low cost. It is shown that SS-MC-MA mobile radio systems enable good transmission quality 
at full system utilization in the uplink. In the downlink, however, they require an 
approximately 1 dB higher SNR compared to MC-CDMA mobile radio systems with the same 
transmission quality. 
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Place of Publication, Production, or Execution Code 'nju' - New Jersey
Illustrations 'ab '
Target Audience ' ' - Unknown or unspecified
Form of Item ' ' - None of the following
Nature of Contents Code 'b '
Government Publication ' ' - Not a government publication
Conference Publication '1' - Conference publication
Festschrift '0' - Not a festschrift
Index '1' - Index present
Literary Form '0' - Not fiction
Biography ' ' - No biographical material
Language Code 'eng' - English
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Cataloging Source Code 'd' - Other

040 LHL $b  eng $c  LHL $d  E9X $d  OCLCQ $d  OCLCF $d  OCLCQ $d  ZWZ $d  OCLCO $d  OCL
$d  OCLCO $d  OCLCQ $d  OCLCO $d  OCLCQ $d  OCLCL $d  OCLCO

019 51022035 $a  496575213
020 0780374843 $q  (paperback)
020 9780780374843 $q  (paperback)
050 4 TK6570.M6 $b  I23 2002
111 2 IEEE Vehicular Technology Conference $n  (55th : $d  2002 : $c  Birmingham, Ala.)
245 1 0 VTC Spring 2002 : $b  IEEE 55th Vehicular Technology Conference : Connecting the mobile world :

May 6-9, 2002, Birmingham-Jefferson Civic Center, Birmingham, Alabama (USA) / $c  [sponsored by
the Vehicular Technology Society of the Institute of Electrical and Electronics Engineers, Inc.].

246 3 0 IEEE 55th Vehicular Technology Conference
246 3 0 Connecting the mobile world
246 3 IEEE VTS Spring
246 3 IEEE VTS Spring 55th Vehicular Technology Conference
260 Piscataway, N.J. : $b  IEEE, $c  ©2002.
300 4 volumes : $b  illustrations ; $c  28 cm
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337 unmediated $b  n $2  rdamedia
338 volume $b  nc $2  rdacarrier
500 "IEEE Catalog Number: 02CH37367"--Title page verso
504 Includes bibliographical references and author index.
530 Also available via the World Wide Web with additional title: Vehicular Technology Conference, 2002,

VTC Spring 2002, IEEE 55th.
650 0 Electronics in transportation $v  Congresses.
650 0 Mobile communication systems $v  Congresses.
650 0 Artificial satellites in telecommunication $v  Congresses.
650 6 Électronique dans le transport $v  Congrès.
650 6 Radiocommunications mobiles $v  Congrès.
650 6 Satellites artificiels dans les télécommunications $v  Congrès.
650 7 Artificial satellites in telecommunication $2  fast
650 7 Electronics in transportation $2  fast
650 7 Mobile communication systems $2  fast
650 7 Electronics in transportation $x  congresses. $2  ram
655 7 Conference papers and proceedings $2  fast
710 2 Vehicular Technology Society. $1  https://id.oclc.org/worldcat/entity/E39QQPVp7RdgBHw6fC6Jv6Qf

kt
740 0 Vehicular Technology Conference, 2002, VTC Spring 2002, IEEE 55th.
856 4 1 $3  IEEE Xplore $u  http://ieeexplore.ieee.org/servlet/opac?punumber=7859
029 1 ZWZ $b  078174368
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https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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leader 01634nam a2200421Ia 4500 
001 993473263405961 
005 20020118005500.0 
008 010112s2000    njua     b    101 0 eng d 
010 ##$a   87640337   
020 ##$a9780780364516 (softbound)  
020 ##$a0780364511 (softbound)  
020 ##$a9780780364523 (casebound)  
020 ##$a078036452X (casebound)  
020 ##$a9780780364530 (microfiche)  
020 ##$a0780364538 (microfiche)  
020 ##$a9780780364547 (CD-ROM)  
020 ##$a0780364546 (CD-ROM)  
035 ##$a(OCoLC)45707099  
035 ##$9474938  
035 ##$a(MoKL)347326-lhalldb  
035 ##$a(lhalldb)347326-lhalldb  
040 ##$aLHL $cLHL  
049 ##$aLHLA  
090 ##$aTK5101 $b.I37 2000  
111 2#$aIEEE Global Telecommunications Conference $d(2000 : $cSan Francisco, Calif.)  
245 10$aGLOBECOM '00 : $bIEEE Global Telecommunications Conference : IEEE GLOBECOM 
2000 : San Francisco, 27 November-1 December, 2000 / $c[sponsored by] IEEE ... [et al.].  
246 31$aGLobal Telecommunications Conference  
260 ##$aPiscataway, New Jersey : $bIEEE, $cc2000.  
300 ##$a3 : $bill. ; $c28 cm.  
500 ##$a"IEEE Catalog Number 00CH37137 (softbound) ; 00CB37137 (casebound) ; 
00CH37137C (CD-ROM)"--veso of T.p.  
500 ##$a"www.globecom2000.com"--T.p.  
504 ##$aIncludes bibliographic references and author index.  
650 #0$aTelecommunication $vCongresses  
650 #0$aData transmission systems $vCongresses  
650 #0$aComputer networks $vCongresses  
650 #0$aBroadband communication systems $vCongresses  
650 #0$aArtificial satellites in telecommunication $vCongresses  
710 2#$aIEEE Communications Society  
948 ##$aLTI 09/01/2008  
994 ##$aE0 $bLHL  
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Bibliographic Record - OCLC Number: 45707099
LDR Record Status 'c' - Corrected or revised

Type of Record 'a' - Language material
Bibliographic Level 'm' - Monograph/Item
Type of Control ' ' - No specified type of control
Encoding Level ' ' - Full level
Descriptive Cataloging Form 'a' - AACR2

001 45707099
005 20241209010407.8
008 Date Entered on File '010112'

Type of Date/Publication Status 's' - Single date
Date1/Beginning Date of Publication '2000'
Date2/Ending Date of Publication ' '
Place of Publication, Production, or Execution Code 'nju' - New Jersey
Illustrations 'a '
Target Audience ' ' - Unknown or unspecified
Form of Item ' ' - None of the following
Nature of Contents Code 'b '
Government Publication ' ' - Not a government publication
Conference Publication '1' - Conference publication
Festschrift '0' - Not a festschrift
Index '1' - Index present
Literary Form '0' - Not fiction
Biography ' ' - No biographical material
Language Code 'eng' - English
Modified Record ' ' - Record is not modified
Cataloging Source Code 'd' - Other

010 87640337
040 LHL $b  eng $c  LHL $d  E9X $d  OCLCQ $d  BAKER $d  YDXCP $d  ZWZ $d  OCLCQ $d  OCL

CF $d  OCLCQ $d  OCLCO $d  OCL $d  OCLCO $d  W2U $d  OCLCQ $d  OCLCO $d  OCLCQ
$d  OCLCL $d  OCLCO

020 0780364511 $q  (softbound)
020 9780780364516 $q  (softbound)
020 078036452X $q  (casebound)
020 9780780364523 $q  (casebound)
020 0780364538 $q  (microfiche)
020 9780780364530 $q  (microfiche)
020 0780364546 $q  (CD-ROM)
020 9780780364547 $q  (CD-ROM)
050 4 TK5101 $b  .I37 2000
055 3 TK5101.A1 $b  G56x
082 0 004.6
111 2 IEEE Global Telecommunications Conference $d  (2000 : $c  San Francisco, Calif.)

3/5/25, 11:14 AM about:blank

about:blank 1/2
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245 1 0 GLOBECOM '00 : $b  IEEE Global Telecommunications Conference : IEEE GLOBECOM 2000 : Sa
n Francisco, 27 November-1 December, 2000 / $c  [sponsored by] IEEE [and others].

246 3 0 IEEE Global Telecommunications Conference
246 3 0 IEEE GLOBECOM 2000
246 1 4 2000 IEEE GLOBECOM
260 Piscataway, NJ : $b  IEEE, $c  ©2000.
300 3 : $b  illustrations ; $c  28 cm
336 text $b  txt $2  rdacontent
337 unmediated $b  n $2  rdamedia
500 "IEEE Catalog Number 00CH37137 (softbound); 00CB37137 (casebound); 00CH37137C (CD-RO

M)"--Title page verso
504 Includes bibliographical references and author index.
530 Also available via the World Wide Web with additional title: Global Telecommunications Conference,

2000, GLOBECOM '00, IEEE.
650 0 Telecommunication $v  Congresses.
650 0 Data transmission systems $v  Congresses.
650 0 Computer networks $v  Congresses.
650 0 Broadband communication systems $v  Congresses.
650 0 Artificial satellites in telecommunication $v  Congresses.
650 6 Télécommunications $v  Congrès.
650 6 Réseaux d'ordinateurs $v  Congrès.
650 6 Systèmes de télécommunications à large bande $v  Congrès.
650 6 Satellites artificiels dans les télécommunications $v  Congrès.
650 7 Artificial satellites in telecommunication $2  fast
650 7 Broadband communication systems $2  fast
650 7 Computer networks $2  fast
650 7 Data transmission systems $2  fast
650 7 Telecommunication $2  fast
650 7 Télécommunications $x  Congrès. $2  ram
650 7 Systèmes de télécommunications à large bande $x  Congrès. $2  ram
650 7 Satellites artificiels dans les télécommunications $x  Congrès. $2  ram
655 7 Conference papers and proceedings $2  fast
710 2 IEEE Communications Society. $1  https://id.oclc.org/worldcat/entity/E39QQPVp7Xd8wJ7VkQCfgT

yqGR
740 0 Global Telecommunications Conference, 2000, GLOBECOM '00, IEEE.
856 4 1 $3  IEEE Xplore $u  http://ieeexplore.ieee.org/lpdocs/epic03/RecentCon.htm?punumber=7153
856 4 1 $3  IEEE Xplore $u  http://ieeexplore.ieee.org/servlet/opac?punumber=7153
856 4 2 $u  http://www.globecom2000.com
938 Baker & Taylor $b  BKTY $c  324.00 $d  328.95 $i  0780364511 $n  0003657722 $s  active
938 YBP Library Services $b  YANK $n  1819976
029 1 ZWZ $b  058082042

3/5/25, 11:14 AM about:blank

about:blank 2/2
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2008112721

LCCN Permalink: https://lccn.loc.gov/sh2008112721

HEADING: Telecommunication Congresses

000 00451cz a2200169n 450

001 7470958

005 20110729160851.0

008 080311|| anannbabn |n ana

010 __ |a sh2008112721

035 __ |a (DLC)389224

035 __ |a (DLC)sh2008112721

040 __ |a DLC |b eng |c DLC

150 __ |a Telecommunication |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: TELSIKS 2001, c2001

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT

Email Text (Labelled Display) to:
Press to SEND EMAIL

Help - Search - Search History - Headings List - Start Over

Library of Congress
URL: https://www.loc.gov/

Mailing Address:
101 Independence Ave,
S.E.
Washington, DC 20540

Library of Congress Authorities
URL: http://authorities.loc.gov/

Library of Congress Online Catalog
URL: https://catalog.loc.gov/

Questions, comments, error reports: Contact Us

MARC Display (Library of Congress Authorities) https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=747095...

1 of 1 3/5/2025, 12:08 PM
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http://www.loc.gov/
http://www.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=RzSrElHb1cnA8vTIxMjw3LZ7up&HEADBROWSE=0&HIST=0&SEQ=20250305140808&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=RzSrElHb1cnA8vTIxMjw3LZ7up&HEADBROWSE=0&HIST=0&SEQ=20250305140808&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7470958&v2=1&HC=1&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7470958&v2=1&HC=1&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7470958&v3=1&HC=1&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7470958&v3=1&HC=1&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://lccn.loc.gov/sh2008112721
https://lccn.loc.gov/sh2008112721
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=RzSrElHb1cnA8vTIxMjw3LZ7up&HEADBROWSE=0&HIST=0&SEQ=20250305140808&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=RzSrElHb1cnA8vTIxMjw3LZ7up&HEADBROWSE=0&HIST=0&SEQ=20250305140808&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=RzSrElHb1cnA8vTIxMjw3LZ7up&HEADBROWSE=0&HIST=0&SEQ=20250305140808&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140808&PID=RzSrElHb1cnA8vTIxMjw3LZ7up
https://www.loc.gov/
https://www.loc.gov/
http://authorities.loc.gov/
http://authorities.loc.gov/
https://catalog.loc.gov/
https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2008102044

LCCN Permalink: https://lccn.loc.gov/sh2008102044

HEADING: Data transmission systems Congresses

000 00485cz a2200169n 450

001 7439990

005 20110729160139.0

008 080207|| anannbabn |n ana

010 __ |a sh2008102044

035 __ |a (DLC)377610

035 __ |a (DLC)sh2008102044

040 __ |a DLC |b eng |c DLC

150 __ |a Data transmission systems |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: IEEE Intelligent Network 2001 Workshop, c2001

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT

Email Text (Labelled Display) to:
Press to SEND EMAIL

Help - Search - Search History - Headings List - Start Over

Library of Congress
URL: https://www.loc.gov/

Mailing Address:
101 Independence Ave,
S.E.
Washington, DC 20540

Library of Congress Authorities
URL: http://authorities.loc.gov/

Library of Congress Online Catalog
URL: https://catalog.loc.gov/

Questions, comments, error reports: Contact Us

MARC Display (Library of Congress Authorities) https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=743999...

1 of 1 3/5/2025, 12:09 PM
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http://www.loc.gov/
http://www.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=1q_H6KCgtQ3NRum2CqyizNs-SV&HEADBROWSE=0&HIST=0&SEQ=20250305140906&SID=2
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=1q_H6KCgtQ3NRum2CqyizNs-SV&HEADBROWSE=0&HIST=0&SEQ=20250305140906&SID=2
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7439990&v2=1&HC=1&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7439990&v2=1&HC=1&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7439990&v3=1&HC=1&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7439990&v3=1&HC=1&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://lccn.loc.gov/sh2008102044
https://lccn.loc.gov/sh2008102044
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=1q_H6KCgtQ3NRum2CqyizNs-SV&HEADBROWSE=0&HIST=0&SEQ=20250305140906&SID=2
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=1q_H6KCgtQ3NRum2CqyizNs-SV&HEADBROWSE=0&HIST=0&SEQ=20250305140906&SID=2
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=1q_H6KCgtQ3NRum2CqyizNs-SV&HEADBROWSE=0&HIST=0&SEQ=20250305140906&SID=2
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305140906&PID=1q_H6KCgtQ3NRum2CqyizNs-SV
https://www.loc.gov/
https://www.loc.gov/
http://authorities.loc.gov/
http://authorities.loc.gov/
https://catalog.loc.gov/
https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2008101222

LCCN Permalink: https://lccn.loc.gov/sh2008101222

HEADING: Computer networks Congresses

000 00490cz a2200169n 450

001 7437752

005 20110729160105.0

008 080206|| anannbabn |n ana

010 __ |a sh2008101222

035 __ |a (DLC)376758

035 __ |a (DLC)sh2008101222

040 __ |a DLC |b eng |c DLC

150 __ |a Computer networks |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: Combinatorial and algorithmic aspects of networking, c2005

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT

Email Text (Labelled Display) to:
Press to SEND EMAIL

Help - Search - Search History - Headings List - Start Over

Library of Congress
URL: https://www.loc.gov/

Mailing Address:
101 Independence Ave,
S.E.
Washington, DC 20540

Library of Congress Authorities
URL: http://authorities.loc.gov/

Library of Congress Online Catalog
URL: https://catalog.loc.gov/

Questions, comments, error reports: Contact Us

MARC Display (Library of Congress Authorities) https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=743775...
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http://www.loc.gov/
http://www.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=LF3Uys_qT2dVoh61fP0oVCtl2G&HEADBROWSE=0&HIST=0&SEQ=20250305141000&SID=3
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=LF3Uys_qT2dVoh61fP0oVCtl2G&HEADBROWSE=0&HIST=0&SEQ=20250305141000&SID=3
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7437752&v2=1&HC=1&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7437752&v2=1&HC=1&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7437752&v3=1&HC=1&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7437752&v3=1&HC=1&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://lccn.loc.gov/sh2008101222
https://lccn.loc.gov/sh2008101222
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=LF3Uys_qT2dVoh61fP0oVCtl2G&HEADBROWSE=0&HIST=0&SEQ=20250305141000&SID=3
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=LF3Uys_qT2dVoh61fP0oVCtl2G&HEADBROWSE=0&HIST=0&SEQ=20250305141000&SID=3
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=LF3Uys_qT2dVoh61fP0oVCtl2G&HEADBROWSE=0&HIST=0&SEQ=20250305141000&SID=3
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141000&PID=LF3Uys_qT2dVoh61fP0oVCtl2G
https://www.loc.gov/
https://www.loc.gov/
http://authorities.loc.gov/
http://authorities.loc.gov/
https://catalog.loc.gov/
https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2007102163

LCCN Permalink: https://lccn.loc.gov/sh2007102163

HEADING: Broadband communication systems Congresses

000 00506cz a2200169n 450

001 7424566

005 20110729155835.0

008 071129|| anannbabn |n ana

010 __ |a sh2007102163

035 __ |a (DLC)374063

035 __ |a (DLC)sh2007102163

040 __ |a DLC |b eng |c DLC

150 __ |a Broadband communication systems |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: Long-haul and access networks, optical metro, and WDM, c2001

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT

Email Text (Labelled Display) to:
Press to SEND EMAIL

Help - Search - Search History - Headings List - Start Over

Library of Congress
URL: https://www.loc.gov/

Mailing Address:
101 Independence Ave,
S.E.
Washington, DC 20540

Library of Congress Authorities
URL: http://authorities.loc.gov/

Library of Congress Online Catalog
URL: https://catalog.loc.gov/

Questions, comments, error reports: Contact Us

MARC Display (Library of Congress Authorities) https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=742456...
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http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=y2d084LzJAec01sVLaOspIRgpu&HEADBROWSE=0&HIST=0&SEQ=20250305141054&SID=4
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=y2d084LzJAec01sVLaOspIRgpu&HEADBROWSE=0&HIST=0&SEQ=20250305141054&SID=4
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7424566&v2=1&HC=1&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7424566&v2=1&HC=1&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7424566&v3=1&HC=1&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7424566&v3=1&HC=1&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://lccn.loc.gov/sh2007102163
https://lccn.loc.gov/sh2007102163
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=y2d084LzJAec01sVLaOspIRgpu&HEADBROWSE=0&HIST=0&SEQ=20250305141054&SID=4
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=y2d084LzJAec01sVLaOspIRgpu&HEADBROWSE=0&HIST=0&SEQ=20250305141054&SID=4
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=y2d084LzJAec01sVLaOspIRgpu&HEADBROWSE=0&HIST=0&SEQ=20250305141054&SID=4
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250305141054&PID=y2d084LzJAec01sVLaOspIRgpu
https://www.loc.gov/
https://www.loc.gov/
http://authorities.loc.gov/
http://authorities.loc.gov/
https://catalog.loc.gov/
https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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leader 01360cam a2200337Ia 4500 
001 993690693405961 
005 20021230114200.0 
008 021230s2002    njua     b    101 0 eng d 
010 ##$a  2002108268  
020 ##$a9780780375895  
020 ##$a0780375890  
035 ##$a(OCoLC)51282880  
035 ##$9509688  
035 ##$a(MoKL)369069-lhalldb  
035 ##$a(lhalldb)369069-lhalldb  
040 ##$aLHL $cLHL  
049 ##$aLHLA  
090 ##$aTK5103.2 $b.I33 2002  
111 2#$aIEEE International Symposium on Personal, Indoor, and Mobile Radio Communications 
$n(13th : $d2002 : $cLisbon, Portugal)  
245 14$aThe 13th IEEE International Symposium on Personal, Indoor, and Mobile Radio 
Communications : $bPIMRC 2002 : proceedings : Pavilhão Atlântico, Lisboa, Portugal, September 
15-18, 2002.  
246 34$aSailing the waves of the wireless oceans  
246 33$aPIMRC 2002  
260 ##$aPiscataway, N.J. : $bIEEE, $cc2002.  
300 ##$a5 v. : $bill. ; $c29 cm.  
500 ##$aSponsors: IEEE ... [et al.].--p. iii.  
504 ##$aIncludes bibliographic references and author index.  
530 ##$aAlso available via the World Wide Web.  
650 #0$aWireless communication systems $vCongresses  
650 #0$aMobile communication systems $vCongresses  
650 #0$aPersonal communication service systems $vCongresses  
650 #0$aSoftware radio $vCongresses.  
710 2#$aInstitute of Electrical and Electronics Engineers  
948 ##$aLTI 09/01/2008  

 

Samsung Exhibit 1012, Page 272 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



ATTACHMENT 4B

Samsung Exhibit 1012, Page 273 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



Bibliographic Record - OCLC Number: 51282880
LDR Record Status 'c' - Corrected or revised

Type of Record 'a' - Language material
Bibliographic Level 'm' - Monograph/Item
Type of Control ' ' - No specified type of control
Encoding Level ' ' - Full level
Descriptive Cataloging Form 'a' - AACR2

001 51282880
005 20241124145522.1
008 Date Entered on File '021230'

Type of Date/Publication Status 's' - Single date
Date1/Beginning Date of Publication '2002'
Date2/Ending Date of Publication ' '
Place of Publication, Production, or Execution Code 'nju' - New Jersey
Illustrations 'a '
Target Audience ' ' - Unknown or unspecified
Form of Item ' ' - None of the following
Nature of Contents Code 'b '
Government Publication ' ' - Not a government publication
Conference Publication '1' - Conference publication
Festschrift '0' - Not a festschrift
Index '1' - Index present
Literary Form '0' - Not fiction
Biography ' ' - No biographical material
Language Code 'eng' - English
Modified Record ' ' - Record is not modified
Cataloging Source Code 'd' - Other

010 2002108268
040 LHL $b  eng $c  LHL $d  OCLCQ $d  E9X $d  UBA $d  DLC $d  OCLCQ $d  OCLCF $d  OCLCQ

$d  OCLCO $d  OCL $d  OCLCO $d  OCLCA $d  OCLCQ $d  OCLCO $d  OCLCQ $d  IG#
019 1468343148
020 0780375890
020 9780780375895
050 0 0 TK5103.2 $b  .I33 2002
082 0 0 621.384 $2  22
111 2 IEEE International Symposium on Personal, Indoor, and Mobile Radio Communications $n  (13th :

$d  2002 : $c  Lisboa, Portugal)
245 1 4 The 13th IEEE International Symposium on Personal, Indoor, and Mobile Radio Communications :

$b  PIMRC 2002 : proceedings : Pavilhão Atlântico, Lisboa, Portugal, September 15-18, 2002.
246 3 PIMRC 2002
260 Piscataway, N.J. : $b  IEEE, $c  ©2002.
300 5 volumes : $b  illustrations ; $c  29 cm
336 text $b  txt $2  rdacontent
337 unmediated $b  n $2  rdamedia

2/4/25, 10:15 AM about:blank

about:blank 1/2
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338 volume $b  nc $2  rdacarrier
504 Includes bibliographical references and author index.
530 Also available via the World Wide Web with additional title: Personal, Indoor and Mobile Radio Com

munications, 2002, the 13th IEEE International Symposium on.
650 0 Wireless communication systems $v  Congresses.
650 0 Mobile communication systems $v  Congresses.
650 0 Personal communication service systems $v  Congresses.
650 0 Software radio $v  Congresses.
650 6 Transmission sans fil $v  Congrès.
650 6 Radiocommunications mobiles $v  Congrès.
650 6 Communications personnelles $v  Congrès.
650 6 Radio logicielle $v  Congrès.
650 7 Mobile communication systems. $2  fast $0  (OCoLC)fst01024207
650 7 Personal communication service systems. $2  fast $0  (OCoLC)fst01058572
650 7 Software radio. $2  fast $0  (OCoLC)fst01124214
650 7 Wireless communication systems. $2  fast $0  (OCoLC)fst01176209
650 7 Radiocomunicação (congressos) $2  larpcal
655 7 Conference papers and proceedings. $2  fast $0  (OCoLC)fst01423772
710 2 Institute of Electrical and Electronics Engineers.
740 0 Personal, Indoor and Mobile Radio Communications, 2002, the 13th IEEE International Symposium o

n.
776 0 8 $i  Online version: $a  IEEE International Symposium on Personal, Indoor, and Mobile Radio Commu

nications (13th : 2002 : Lisboa, Portugal). $t  13th IEEE International Symposium on Personal, Indoo
r, and Mobile Radio Communications. $d  Piscataway, N.J. : IEEE, ©2002 $w  (OCoLC)693130438

856 4 1 $3  IEEE Xplore $u  http://ieeexplore.ieee.org/servlet/opac?punumber=8098
938 Ingram Library Services $b  INGR $n  in014790840
029 1 AU@ $b  000040602625

2/4/25, 10:15 AM about:blank

about:blank 2/2
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2008113541

LCCN Permalink: https://lccn.loc.gov/sh2008113541

HEADING: Wireless communication systems Congresses

000 00452cz a2200169n 450

001 7471778

005 20110729160924.0

008 080311|| anannbabn |n ana

010 __ |a sh2008113541

035 __ |a (DLC)390044

035 __ |a (DLC)sh2008113541

040 __ |a DLC |b eng |c DLC

150 __ |a Wireless communication systems |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: WoWMoM,

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT

Email Text (Labelled Display) to:
Press to SEND EMAIL

Help - Search - Search History - Headings List - Start Over

Library of Congress
URL: https://www.loc.gov/

Mailing Address:
101 Independence Ave,
S.E.
Washington, DC 20540

Library of Congress Authorities
URL: http://authorities.loc.gov/

Library of Congress Online Catalog
URL: https://catalog.loc.gov/

Questions, comments, error reports: Contact Us

MARC Display (Library of Congress Authorities) https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=747177...
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http://www.loc.gov/
http://www.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
http://catalog.loc.gov/
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/webvoy.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=dez4iUP7JAecfjbGLaT-gc5iXM&HEADBROWSE=0&HIST=0&SEQ=20250204125724&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=dez4iUP7JAecfjbGLaT-gc5iXM&HEADBROWSE=0&HIST=0&SEQ=20250204125724&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7471778&v2=1&HC=1&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7471778&v2=1&HC=1&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7471778&v3=1&HC=1&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?AuthRecID=7471778&v3=1&HC=1&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://lccn.loc.gov/sh2008113541
https://lccn.loc.gov/sh2008113541
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/savemail.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/help/disphlpA1.htm
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=sbSearch&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=HISTORY&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=dez4iUP7JAecfjbGLaT-gc5iXM&HEADBROWSE=0&HIST=0&SEQ=20250204125724&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=dez4iUP7JAecfjbGLaT-gc5iXM&HEADBROWSE=0&HIST=0&SEQ=20250204125724&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?hd=0,0&PID=dez4iUP7JAecfjbGLaT-gc5iXM&HEADBROWSE=0&HIST=0&SEQ=20250204125724&SID=1
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://authorities.loc.gov/cgi-bin/Pwebrecon.cgi?PAGE=Exit&SEQ=20250204125724&PID=dez4iUP7JAecfjbGLaT-gc5iXM
https://www.loc.gov/
https://www.loc.gov/
http://authorities.loc.gov/
http://authorities.loc.gov/
https://catalog.loc.gov/
https://catalog.loc.gov/
https://authorities.loc.gov/help/contact-authorities.htm
https://authorities.loc.gov/help/contact-authorities.htm
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The Library of Congress
>> Go to Library of Congress Online

Catalog

LC control no.: sh2008109080

LCCN Permalink: https://lccn.loc.gov/sh2008109080

HEADING: Personal communication service systems Congresses

000 00500cz a2200169n 450

001 7461464

005 20110729160623.0

008 080305|| anannbabn |n ana

010 __ |a sh2008109080

035 __ |a (DLC)385242

035 __ |a (DLC)sh2008109080

040 __ |a DLC |b eng |c DLC

150 __ |a Personal communication service systems |v Congresses

667 __ |a Record generated for validation purposes.

670 __ |a Work cat.: Emerging personal wireless communications, 2001

906 __ |t 8888 |u te00 |v 0

953 __ |a te00

Save, Print or Email Records (View Help)

Select Download Format: Text (Labelled Display) Press to SAVE or PRINT
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035 __ |a (DLC)sh2001008436

035 __ |a (DLC)276859

040 __ |a DLC |b eng |c DLC

053 _0 |a TK5103.4875

150 __ |a Software radio

450 __ |a Radio, Reconfigurable

450 __ |a Radio, Smart

450 __ |a Radio, Software

450 __ |a Reconfigurable radio

450 __ |a SDR (Software-defined radio)

450 __ |a Smart radio

450 __ |a Software-based radio

450 __ |a Software-defined radio

550 __ |w g |a Wireless communication systems

670 __ |a Work cat.: 2001057384: Software defined radio, c2002: |b CIP introd. (Software
radio; Software defined radio; Software based radio; Reconfigurable radio)

670 __ |a EI on Dialog@site, Nov. 14, 2001 |b (identifier: Software radio)

670 __ |a Gibilisco, S. Illus. dict. of electronics, 2001 |b (software- defined radio; abbrev.
SDR)

670 __ |a Newton’s telecom dict., 2001 |b (smart radio, also referred to as a software radio)

680 __ |i Here are entered works on wireless technology in which software changes allow a
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670 __ |a Random House Kernerman Webster’s college dictionary, ©2010, via
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conference at which scholars or other experts present papers on and discuss a specific
topic)

670 __ |a The American heritage dictionary of the English language, ©2000, via
TheFreeDictionary.com, Aug. 29, 2013 |b (colloquium n. pl. colloquiums or colloquia 1.
An informal meeting for the exchange of views. 2. An academic seminar on a broad
field of study, usually led by a different lecturer at each meeting.)

670 __ |a Merriam-Webster online, Aug. 29, 2013 |b (colloqium plural colloquiums or -quia:
a usually academic meeting at which specialists deliver addresses on a topic or on
related topics and then answer questions relating to them)

906 __ |t 9921 |u te04 |v 0
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leader 01685nam a2200397Ia 4500 
001 992968743405961 
005 19980716082400.0 
008 980716s1998    njua     b    101 0 eng d 
020 ##$a9780780343207 (softbound)  
020 ##$a0780343204 (softbound)  
020 ##$a9780780343214 (casebound)  
020 ##$a0780343212 (casebound)  
020 ##$a9780780343221 (microfiche)  
020 ##$a0780343220 (microfiche)  
020 ##$a9780780343238 (CD version)  
020 ##$a0780343239 (CD version)  
035 ##$a(OCoLC)39493216  
035 ##$9409561  
035 ##$a(MoKL)296874-lhalldb  
035 ##$a(lhalldb)296874-lhalldb  
040 ##$aLHL $cLHL  
049 ##$aLHLA  
090 ##$aTK6570.M6 $bI23 1998  
111 2#$aIEEE Vehicular Technology Conference $n(48th : $d1998 : $cOttawa, Ont.)  
245 10$aVTC '98 : 48th Vehicular Technology Conference : $bpathway to a global wireless 
revolution : Westin Hotel, Ottawa, Canada, 18-21 May, 1998 / $csponsored by IEEE Vehicular 
Technology Society ; IEEE Canada, IEEE Ottawa Section.  
246 31$a48th Vehicular Technology Conference  
246 31$aPathway to a global wireless revolution  
260 ##$aPiscataway, New Jersey : $bIEEE, $cc1998.  
300 ##$a3 v. : $bill. ; $c28 cm.  
500 ##$a"IEEE Catalog Number: 98CH36151"--verso of T.p.  
504 ##$aIncludes bibliographic references and author indexes.  
650 #0$aElectronics in transportation $vCongresses  
650 #0$aMobile communication systems $vCongresses  
650 #0$aArtificial satellites in telecommunication $vCongresses  
710 2#$aVehicular Technology Society  
710 2#$aInstitute of Electrical and Electronics Engineers. $bCanadian Region  
710 2#$aInstitute of Electrical and Electronics Engineers. $bOttawa Section.  
948 ##$aLTI 09/01/2008  
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Bibliographic Record - OCLC Number: 39493216
LDR Record Status 'c' - Corrected or revised

Type of Record 'a' - Language material
Bibliographic Level 'm' - Monograph/Item
Type of Control ' ' - No specified type of control
Encoding Level ' ' - Full level
Descriptive Cataloging Form 'a' - AACR2

001 39493216
005 20241212214804.7
008 Date Entered on File '980716'

Type of Date/Publication Status 's' - Single date
Date1/Beginning Date of Publication '1998'
Date2/Ending Date of Publication ' '
Place of Publication, Production, or Execution Code 'nju' - New Jersey
Illustrations 'a '
Target Audience ' ' - Unknown or unspecified
Form of Item ' ' - None of the following
Nature of Contents Code 'b '
Government Publication ' ' - Not a government publication
Conference Publication '1' - Conference publication
Festschrift '0' - Not a festschrift
Index '1' - Index present
Literary Form '0' - Not fiction
Biography ' ' - No biographical material
Language Code 'eng' - English
Modified Record ' ' - Record is not modified
Cataloging Source Code 'd' - Other

040 LHL $b  eng $c  LHL $d  OCL $d  E9X $d  OCLCQ $d  BAKER $d  ZWZ $d  BDX $d  OCLCQ
$d  OCLCF $d  OCLCQ $d  OCLCO $d  OCL $d  OCLCO $d  OCLCQ $d  OCLCO $d  OCLCQ
$d  OCLCL $d  OCLCO $d  OCLCL $d  OCLCO

019 40729671 $a  45517188
020 0780343204 $q  (softbound)
020 9780780343207 $q  (softbound)
020 0780343212 $q  (casebound)
020 9780780343214 $q  (casebound)
020 0780343220 $q  (microfiche)
020 9780780343221 $q  (microfiche)
020 0780343239 $q  (CD version)
020 9780780343238 $q  (CD version)
050 4 TK6570.M6 $b  I23 1998
111 2 IEEE Vehicular Technology Conference $n  (48th : $d  1998 : $c  Ottawa, Ont.)
245 1 0 VTC '98 : 48th Vehicular Technology Conference : $b  pathway to a global wireless revolution : Westi

n Hotel, Ottawa, Canada, 18-21 May, 1998 / $c  sponsored by IEEE Vehicular Technology Society ; IE
EE Canada, IEEE Ottawa Section.
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246 3 0 48th Vehicular Technology Conference
246 3 0 Pathway to a global wireless revolution
260 Piscataway, N.J. : $b  IEEE, $c  ©1998.
300 3 volumes : $b  illustrations ; $c  28 cm
336 text $b  txt $2  rdacontent
337 unmediated $b  n $2  rdamedia
338 volume $b  nc $2  rdacarrier
500 "IEEE Catalog Number: 98CH36151"--Title page verso
504 Includes bibliographical references and author indexes.
530 Also available via the World Wide Web with additional title: Vehicular Technology Conference, 1998,

VTC 98, 48th IEEE.
650 0 Electronics in transportation $v  Congresses.
650 0 Mobile communication systems $v  Congresses.
650 0 Artificial satellites in telecommunication $v  Congresses.
650 6 Électronique dans le transport $v  Congrès.
650 6 Radiocommunications mobiles $v  Congrès.
650 6 Satellites artificiels dans les télécommunications $v  Congrès.
650 7 Artificial satellites in telecommunication $2  fast
650 7 Electronics in transportation $2  fast
650 7 Mobile communication systems $2  fast
650 7 Radiocommunications mobiles $x  Congrès. $2  ram
650 7 Systèmes de communications sans fil $x  Congrès. $2  ram
655 7 Conference papers and proceedings $2  fast
710 2 Vehicular Technology Society. $1  https://id.oclc.org/worldcat/entity/E39QQPVp7RdgBHw6fC6Jv6Qf

kt
710 2 Institute of Electrical and Electronics Engineers. $b  Canadian Region. $1  https://id.oclc.org/worldca

t/entity/E39QQPVp7YMcCcq8Jd8gK8GtWt
710 2 Institute of Electrical and Electronics Engineers. $b  Ottawa Section. $1  https://id.oclc.org/worldcat/e

ntity/E39QQPVp7Kp7MhmWktb7BwP7gg
740 0 Vehicular Technology Conference, 1998, VTC 98, 48th IEEE.
856 4 1 $3  IEEE Xplore $u  http://ieeexplore.ieee.org/servlet/opac?punumber=5616
938 Baker & Taylor $b  BKTY $c  210.00 $d  214.95 $i  0780343204 $n  0003150963 $s  active
938 Baker & Taylor $b  BKTY $c  348.00 $d  352.95 $i  0780343239 $n  0003224200 $s  active
938 Brodart $b  BROD $n  52553744 $c  $348.00
029 1 HEBIS $b  180735047
029 1 HEBIS $b  180735403
029 1 HEBIS $b  180735519
029 1 HEBIS $b  180735578
029 1 ZWZ $b  045509565
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CURRICULUM VITAE SYLVIA D. HALL-ELLIS  

  

EDUCATION  

Ph.D., University of Pittsburgh, Pittsburgh, Pennsylvania, 1985  

M.P.S., University of Denver, Denver, Colorado, 2014  

Post Graduate Studies, University of Texas – San Antonio, Texas, 1975-1976  

M.L.S., University of North Texas, Denton, Texas, 1972  

B.A., Rockford University, Rockford, Illinois, 1971  

  

PROFESSIONAL EXPERIENCE  

1981-  Consultant for higher education, non-profit organizations, and corporations.  

2002-  Adjunct Professor, School of Information, San José State University, San José,  

California. Serve as part-time faculty member teaching graduate students in technical services  

(cataloging, bibliographic control, classification), “core courses,” and special topics.  

  

2014-2016  Director, Grants and Resource Development, Colorado Community College System.  

Provided leadership and vision to foster the continued growth of rigorous scholarship, 

innovative projects, and creative work for statewide system, 13 campuses, and 50 teaching 

sites serving 155,000 students. Responsible for leadership and ensured efficient functioning of 

contract and grants in compliance with state & federal requirements and successful 

implementation and management. Served as a subject matter expert and liaison for college 

Grant Directors for all issues relating to grants and subcontracts.  

  

2010-2014  Senior Grant Administrator, Morgridge College of Education, University of Denver 

(Colorado). Provided leadership and vision to foster continued growth of rigorous 

scholarship, innovative research, and creative work in the Morgridge College of Education. 

Ensure that contract and grants processes function effectively and efficiently for 60 faculty and 

researchers with a focus on the successful progression and efficient management of grants 

totaling $13M. Worked effectively and collegially with Department Chairs and Program 

Coordinators on operational grant-related management activities and with a broad range of 

internal and external constituencies. Supported the dissemination and promotion of faculty 

research and scholarship to outside constituents at conferences and through publications. 

Assisted Principal Investigators and grant project teams by coaching, mentoring, and financial 

management.  

  

2011-2013  Interim Director & Assistant Dean, Westminster Law Library, Sturm College of Law,  

University of Denver. Planned, organized, and directed all administrative activities for the 

library serving students, faculty, and alumni; oversaw the employment, retention, promotion, 

transfer and termination of library personnel; represented the library at professional 

conferences and public meetings; created and promoted a climate and culture of acceptance for 

new programs and services, a positive high-quality image of the law library, and that reflect 

the organization’s values, encourage excellent performance, and reward high productivity and 

innovation; provided leadership and set strategic direction of the organization; ensured that the 

library provided excellent customer service through solution-oriented staff response to patron 

needs and by responsiveness and continuous improvement of the organization; promoted, 

developed, and maintained positive working relationships with colleagues and customers 

including key stakeholders and groups, higher education institutions, the legal community, 

other regional libraries and districts statewide, and national library organizations.  
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2007-2014  Associate Professor, Library & Information Science, Morgridge College of Education, 

University of Denver (Colorado). Served in leadership role and worked collaboratively in 

program, college, campus and community environments. Advised and supervised students, 

taught core and specialized courses at the graduate level in an integrative, student-centered 

learning environment. Served on LIS, College, and University committees, and maintained  

working relationships with colleagues in other academic units and information professionals in 

the Rocky Mountain region and beyond. Served on and chair doctoral student dissertation 

committees. Oversaw and facilitated the College and LIS graduate student association.  

  

2002-2007                   Assistant Professor, Library & Information Science, College of Education, University of  

Denver (Colorado). Served as tenure-track faculty member teaching graduate students in 

“core courses,” resource description and access, service learning, and independent studies. 

Advised graduate students, participate on LIS and College committees, and serve on doctoral 

student dissertation committees. Oversaw and facilitated the LIS graduate student association 

and alumni association.  

  

2000-2002  Affiliate Faculty, Library & Information Science, College of Education, University of 

Denver (Colorado). Served as part-time faculty member teaching graduate students in 

technical services (cataloging, bibliographic control, classification), “core courses,” and 

special topics. Oversaw and facilitated the LIS graduate student association and alumni 

association.  

  

2000-2001  Special Assistant to the Secretary’s Regional Representative, U.S. Department of 

Education, Region VIII, Denver, Colorado. Served as the principal advisor and 

representative of the U. S. Secretary of Education’s Regional Representative (SRR). Ensured 

the implementation of major goals of the SRR and the Secretary. Provided leadership on 

behalf of the SRR in contacts with high-level officials in Region VIII requiring sensitive 

policy interpretation in communication with senior Department officials to solve problems and 

resolve issues raised by State and local education officials. Served as the primary contact for  

School-to-Work/Career, Children’s Health Insurance Program, and Safe and Drug-Free 

Schools. Delivered technical assistance to local education agencies and institutions of higher 

education in technology, professional development, and school construction.  

  

1999-2000  Catalog Librarian, Jefferson County Public Library, Lakewood, Colorado. Performed 

original, copy cataloging and classification of library materials (English and Spanish) using 

standard library protocols; completed original descriptive cataloging and subject analysis; 

enhanced brief catalog and authority records in III.  

  

1997-1999                   Development Officer, McREL International, Aurora, Colorado. Served as senior member  

of corporate management team in strategic planning, development of proposals and contracts, 

implementation, and evaluation of new services, products, and programs for educational 

agencies. Provided creative leadership to corporate committees to solicit ideas, identify goals 

and objectives, plan, develop, present, and evaluate professional development opportunities.  

  

1995-1997                   Education Specialist, Education Service Center, Region One, Edinburg, Texas. Served as  

member of Administrative Cabinet team in strategic planning, development of proposals and 

contracts, implementation, and evaluation of telecommunications capabilities, services, 

products, and programs for 40 school districts serving 283,000 students in 7 counties. Provided 

creative leadership to regional and state committees to solicit ideas, identify strategic goals and 

objectives, plan, develop, present, and evaluate funding opportunities and professional 

development for 400 librarians.  
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1993-1996  Assistant Professor of Library Science, Sam Houston State University, Huntsville, Texas. 

Served a faculty member teaching 400 graduate students in technical services (cataloging, 

bibliographic control, classification), automation, and networking. Participated in distance 

education program and coordinated annual conference. Conducted university and Texas 

Library Association-funded field research focused on library collection development and 

academic achievement.  

 

1992-1993  Head Librarian, Rocky Mountain College of Art & Design, Denver, Colorado.  

Responsible for the daily operation, selection and acquisition of materials, formulation of 

policies for library operations, media center, and photography/slides archives. Designed and 

implemented library automation and delivery of electronic resources to college community.  

  

1981-1985  Development Officer, PRLC, Inc., Pittsburgh, Pennsylvania. Served as senior member of 

corporate management team in strategic planning, development of proposals and contracts, 

implementation, and evaluation of new services, products, and programs for 100 institutional 

member organizations. Coordinated the development of proposals and contracts totaling 

$4,000,000 annually. Provided creative leadership to corporate committees to solicit ideas, 

identify goals and objectives, plan, develop, present, and evaluate professional development 

opportunities.  

  

1981 Director of Library Development, Pennsylvania Department of Education, Harrisburg,  

Pennsylvania. Responsible for statewide development, technical assistance, professional 

development, resource sharing, children’s services, institutional library services, networking, 

and state aid program for all libraries throughout the Commonwealth. Functioned as liaison to 

Governor’s Advisory Council, LSCA Advisory Council, District Administrators, private 

colleges, universities, consortia managers, and network directors. Supervised $14,000,000 

formula-based state aid program and $3,000,000 grant awards to individual libraries, 

consortia, and networks.  

  

1978-1981  Assistant Director, Southern Tier Library System, Corning, New York. Coordinated 

operation of system-wide programs (technical assistance, professional development, 

resource sharing, technical services, outreach) to 40 public libraries in 5 counties serving 

500,000 residents. Solicited ideas, identified goals, sponsored, and evaluated 

professional development opportunities and technical assistance sessions.  

  

1976-1978  Division Librarian for Technical Services, Corpus Christi Public Libraries, Corpus 

Christi, Texas. Provided leadership in acquisitions, cataloging, serials control, and processing 

for main library and 4 branches serving 250,000 residents. Participated as senior member of 

library management team. Compiled and prepared technical evaluations, reports, and statistical 

analyses of Division operations to measure the achievement and cost of annual goals, 

objectives, and staff performance.  

  

1975-1976  System Coordinator, San Antonio Major Resource Center, San Antonio, Texas. Served as 

senior member of the management team for District X Office, charged to provide technical 

assistance, resource sharing, media services, and professional development to librarians and 

staff representing 30 public library jurisdictions in 21 counties serving 1,500,000 residents. 

Functioned as liaison to System Director, staff, and members of governing bodies with the 

System Board of Directors and the Texas State Library and Historical Commission. Prepared 

LSCA grant applications and monitored awards totaling $1,100,000 annually.  
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1973-1975  Bilingual Branch Librarian, San Antonio Public Library, San Antonio, Texas. Worked as 

librarian providing reference, information, and readers’ advisory services in branch serving 

50,000 Spanish-speaking residents in southwest San Antonio. Participated in collection 

development and resource acquisition activities, specializing in children’s work, Spanish 

language resources, and multicultural studies.  

1972-1973  Librarian, Holding Institute, Laredo, Texas. Worked as high school librarian serving 500 

boarding students in Spanish-speaking environment of private school. Provided reference, 

research assistance, and library instruction to students and 35 faculty members.  

  

1966-1971  Rockford Public Library, Rockford, Illinois. Worked in branches as part-time as a Library 

Assistant, Clerk, and Page in city library serving 150,000 residents.  
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PUBLICATIONS  

  

Editor-reviewed Monographs (Completed and in Progress)  

  

Hall-Ellis, Sylvia D., and Mary Bolin. Contemporary Cataloging in an RDA Environment: A Handbook for Students 

and Practitioners. Chicago, IL: American Library Association. Under contract & In development.  

  

RDA Testing: Lessons Learned and Challenges Revealed. Sylvia D. Hall-Ellis and Robert O. Ellett, Jr., eds. 

Binghamton, N.Y.: Haworth, 2012. 128 p.  

  

Hall-Ellis, Sylvia D., Stacey L. Bowers, Christopher D. Hudson, and M. Claire Williamson. Librarian’s Handbook 

for Seeking, Writing, and Managing Grants. Santa Barbara, Calif.: Libraries Unlimited, 2011. 315 p.  

  

Hall-Ellis, Sylvia D., with Ann Jerabek, and Merrie W. Valliant. Contemporary Cataloging: A Handbook for 

Practitioners and Students. Open access text. Athens, GA: University of Georgia System Regents, 2011. 767 p.  

  

Grealy, Deborah S. and Sylvia D. Hall-Ellis. From Research to Practice: The Scholarship of Teaching and 

Learning in LIS Education. Westport, Conn.: Libraries Unlimited, 2009. 175 p.  

  

Hall-Ellis, Sylvia D. with J. Ann Jerabek. Grants for School Libraries. Westport, Conn.: Libraries Unlimited, 2003. 

197 p.  

  

Hall-Ellis, Sylvia D., Doris Meyer, Frank W. Hoffmann, with J. Ann Jerabek. Grant Writing for Small Libraries 

and School Library Media Centers. Boulder, Colo.: NetLibrary, 2001. 173 p.  

  

Hall-Ellis, Sylvia D., Doris Meyer, Frank W. Hoffmann, with J. Ann Jerabek. Grant Writing for Small Libraries 

and School Library Media Centers. Englewood, Colo: Libraries Unlimited, 2000. 173 p.  

  

Editor-reviewed Chapters (Completed and In Progress)  

  

Hall-Ellis, Sylvia D. “Prepared to Lead: Talent, Skills, and Competencies.” In Telling the Technical Services Story. 

Chicago, IL: American Library Association, 2020. Program Presentation for Re-Accreditation by the American 

Library Association, School of Information, San Jose State University, 2022.  

  

Hall-Ellis, Sylvia D. “Grant Writing and Sponsored Research Funding for Academic Librarians.” In The New 

Librarianship. Vol. 4. Bradford Lee Eden, ed. New York: Scarecrow Press, 2015. (pp. 163-174)  

  

Hall-Ellis, Sylvia D. “Organizing Information: Technical Services.” In Information Services Today: An 

Introduction. Sandra Hirsch, ed. Lantham, Md.: Rowman and Littlefield, 2015. (pp. 139-148)  

  

Hall-Ellis, Sylvia D. “Metadata, MARC, and More.” In Rethinking Technical Services, Considering Our Profession 

and Ourselves: What’s the Future of Our Profession? Mary Beth Weber, ed. Lantham, Md.: Rowman and 

Littlefield, 2015. (pp. 29-55)  

  

Hall-Ellis, Sylvia D., ed. “Contingent Faculty: Non-Tenure Track Faculty Series.” In the Faculty Personnel 

Guidelines Relating to Appointment, Promotion, and Tenure. November 2011. Denver, Colo.: University of 

Denver, 2011. 42 p.  

  

Hall-Ellis, Sylvia D., ed. “Standard VII: Information Resources.” In the Sturm College of Law Self-Study 

Presentation for Accreditation by the American Bar Association. Denver, Colo.: University of Denver, Sturm 

College of Law, 2011. 20 p.  
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Hall-Ellis, Sylvia D. “Applying for Grants from Foundations, Corporations, or Government.” In The Volunteers’ 

Guide to Fundraising: Raise Money for Your School Team, Library or Community Group. 1st ed. Ilona M. Bray, 

ed. Berkeley, Calif.: Nolo, 2011. (pp. 1-38 on accompanying disc) 

 

Hall-Ellis, Sylvia D., ed. “Standard III: The Faculty.” In the Library and Information Science Program Self-Study 

Document for Accreditation by the American Library Association. Denver, Colo.: University of Denver, 

Morgridge College of Education, 2010. 22 p.  

  

Hall-Ellis, Sylvia D. “Library and Information Science Programs and Education for Catalogers and Metadata 

Specialists: Challenges for the Twenty-first Century.” In Conversations with Catalogers in the Twenty-First 

Century. Elaine R. Sanchez, ed. Santa Barbara, Calif.: ABC-Clio, 2010. (pp. 226-254)  

  

Hall-Ellis, Sylvia D., ed. “Standard III: The Faculty.” In the Library and Information Science Program Self-Study 

Document for Accreditation by the American Library Association. Denver, Colo.: University of Denver, College 

of Education, 2003. 15 p.  

  

Lesesne, Teri S. and Sylvia D. Hall-Ellis. “The Selection, Evaluation, and Integration of Culturally Authentic Texts:  

A Case for Making the Online Catalog Reflect Parallel Cultures.” In Literacy: Traditional, Cultural,  

Technological. Pittsburgh, Pa.: International Association of School Librarianship, 1995. (pp. 110-113)  

  

Lesesne, Teri S. and Sylvia D. Hall-Ellis. The Selection, Evaluation, and Integration of Culturally Authentic Texts:  

A Case for Making the Online Catalog Reflect Parallel Cultures. In Conference Proceedings of the 23rd Annual 

International Association of School Librarianship, Pittsburgh, Pennsylvania, July 17-22, 1994. ERIC Document 

ED374816. 17 p.  

  

Hall-Ellis, Sylvia D. “Curriculum Folio for School Library Media Specialist Programs.” In the National Council for 

Accreditation of Teacher Education Self-Study for Sam Houston State University. Huntsville, Tex.: Sam 

Houston State University, College of Education and Applied Science, 1994. 25 p.  

  

Bruntjen, Scott and Sylvia D. Hall. “Attempting to Automate: Lessons Learned Over Five Years.” In Advances in 

Library Administration. Volume 4. Weston, Conn.: JAI Press, 1985. (pp. 177-192)  

  

Peer-Reviewed Journal Articles (Completed and In Progress)  

  

Hall-Ellis-Sylvia D. “Job Design for Cataloging and Metadata Librarians.” Submitted to Journal of Library 

Administration. In progress.  

  

Hall-Ellis, Sylvia D. “The Relationship of Situational Leadership and the Dreyfus Model of Skill Acquisition for  

Supervisors in Cataloging and Metadata Services.” To be submitted to Library Resources and Technical 

Services. In progress.  

  

Hall-Ellis, Sylvia D. The Relationship of Core Competencies on Learning Outcomes and Employers’ Expectations for 

Catalog Librarians and Metadata Specialists. To be submitted to the Journal of Education for Library and 

Information Science. In progress.  

  

Hall-Ellis, Sylvia D. “Building Cataloger Competencies: The Dreyfus Model as a Prototype for the Education and 

Professional Development of Catalog Librarians and Metadata Specialists in Bibliographic Control.” To be 

submitted to the Cataloging & Classification Quarterly. In progress.  

  

Hall-Ellis, Sylvia D. “Descriptive Impressions of Entry-Level Cataloger and Metadata Specialists Positions, 2000- 

2016: Reflections and Trends.” To be submitted to Library Resources and Technical Services. In progress.  

  

Samsung Exhibit 1012, Page 297 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



  

Sylvia D. Hall-Ellis, Ph.D.  

Page 7 of 52  

 

Hall-Ellis, Sylvia D. “Competencies for Metadata and Cataloging Leaders: What Employers Expect as Reflected in 

Position Descriptions, 2000-2016.” Cataloging & Classification Quarterly. In progress.  

  

Hall-Ellis, Sylvia D. “Stackable Micro-credentials – A Framework for the Future.” The Bottom Line 29, no. 4 (April  

2016), http://www.emeraldinsight.com/doi/pdfplus/10.1108/BL-02-2016-0006  

Ellis, Sylvia D. “Succession Planning and Staff Development – A Winning Combination.” The Bottom Line, 28 

no. 3 (May 2015): 95-98.  

  

Hall-Ellis, Sylvia D. “Succession Planning and Staff Development – A Winning Combination.” The Informed 

Librarian Online (September 2015),  

http://www.informedlibrarian.com/featuredArticle.cfm?FILE=succession_1509.pdf  
  

Hall-Ellis, Sylvia D. “Nudges and Decision Making: A Winning Combination.” The Bottom Line 28, no. 4 (July 

2015): 133-136.  

 

 Hall-Ellis, Sylvia D. “Succession Planning and Staff Development – A Winning Combination.” The Bottom Line 28, 

no. 3 (May 2015): 95-98.  

  

Hall-Ellis, Sylvia D. “Metadata Competencies for Entry-Level Positions: What Employers Expect as Reflected in 

Position Descriptions, 2000-2013.” Journal of Library Metadata 15, no. 2 (June 2015): 102-134.  

  

Hall-Ellis, Sylvia D. “Onboarding to Improve Library Retention and Productivity.” The Bottom Line 27, no. 4 

(October 2014).  

  

Hall-Ellis, Sylvia D. “Accept, Coach, and Inspire: A Formula for Success.” The Bottom Line 27, no. 3 (July 2014): 

103-106.  

  

Hall-Ellis, Sylvia D. Reward Systems for Staff in Higher Education Institutions: Case Studies of 15 Higher 

Education Institutions in Colorado. Capstone Thesis. Denver, Colo.: University of Denver, University College, 

2014.  

  

Hall-Ellis, Sylvia D. “Reward Systems Promote High-Performance Work Teams Achieving Library Mission.” The 

Bottom Line 27, no. 2 (April 2014): 66-69.  

  

Hall-Ellis, Sylvia D. “Investment in Staff Development for Seeking External Grant Funds.” The Bottom Line 27, no. 

1 (January 2014): 22-25.  

  

Hall-Ellis, Sylvia D. “Staff Investments for High Performance Teams.” The Bottom Line 26, no. 4 (October 2013): 

149-152.  

  

Hall-Ellis, Sylvia D. and Deborah S. Grealy. “Service Learning in LIS Education: A Case for Holistic Assessment.” 

Catholic Library World 82, no. 3 (March 2012): 178-187.  

  

Hall-Ellis, Sylvia D., and Deborah S. Grealy. “The Dreyfus Model of Skill Acquisition: A Career Development 

Framework for Succession Planning and Management in Academic Libraries.” College and Research 

Libraries (June 2012). http://crl.acrl.org/content/early/2012/06/19/crl12-349.full.pdf+html  

  

Hall-Ellis, Sylvia D. “Cataloger Competencies…What Do Employers Require?” Cataloging & Classification 

Quarterly 46, no. 3 (2008): 305-330. http://ccq.haworthpress.com/doi:10.1080/01639370802034565  
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Vargas Lizano, Isabel. Y Si Quieres Saber de Mi Pasado. Con la colaboración de J.C. Vales. Madrid: Santillana 

Ediciones Generales, S.L., 2002. 84-03-09278-4, $18.95 [Críticas, 2002]  

  

Ruy Sánchez, Alberto. Los Jardines Secretos de Mogador: Voces de Tierra. México, D.F.: Alfaguara, S.A., 2001. 

968-19-0879-1, $16.95 [Críticas, 2002]  

  

Chávez, Ricardo and Celso Santajuliana. El Final de las Nubes. Barcelona: RBA Libros, S.A., 2001. 84-7901-760-

0, $11.95 [Críticas, 2002]  
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The Power of Language / El Poder de la Palabra: Selected Papers from the Second REFORMA National 

Conference. Edited by Lillian Castillo-Speed and the REFORMA National Conference Publications  

Committee. Englewood, Colo.: Libraries Unlimited, 2001. 1-563089459, $35.00 [Colorado Libraries, 2001]  

  

Martínez, Rubén. Crossing Over: A Mexican Family on the Migrant Trail. Metropolitan: Holt, 2001. 0-8050-4908- 

8, $26.00 [Library Journal, 2001]  

  

Guevara, Ernesto “Che.” The African Dream: the Diaries of the Revolutionary War in the Congo. Translated from 

the Spanish by Patrick Camiller. With an introduction by Richard Gott and a foreword by Aleida Guevara 

March. New York: Grove Press, 2001. 0-8021-3834-9, $13.00 [Library Journal, 2001]  

  

Cooper, Gail and Garry Cooper. New Virtual Field Trips. Englewood, Colo.: Libraries Unlimited, 2001. 1-56308-  

887-8, $27.50 [Colorado Libraries, 2001]   
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NATIONAL SERVICE & PROFESSIONAL AFFILIATIONS  

  

American Library Association, Life Member  

Association for Library Collections & Technical Services (now CORE) 

Cataloging, Classification, and Metadata Section  

Margaret Mann Citation Committee, 2023- 

ALCTS Editorial Board, Member, 2015-2019  

Committee on Cataloging: Description and Access, Member, 2008-2012  

Test Site for RDA, Manager, 2009-2011  

Nominating Committee, Member, 2007-2008  

Committee for Education and Training of Catalogers, Chair, 2006-2007, Member, 2003-2007  

Competencies & Education for a Career in Cataloging Interest Group, Chair, 2010-2012; Member, 2010-  

President’s Program Committee, 2015-2016 

Education Committee, Member, 2005-2007  

Task Force on Competencies and Education for a Career in Cataloging, Chair, 2007-2009  

2007 Annual Meeting Pre-conference, “What They Don’t Teach in Library School: Competencies, 

Education and Employer Expectations for a Career in Cataloging,” Steering Committee Chair  

Fundraising Committee, Member, 2004-2006  

Office of Diversity  

Committee on Diversity, Chair, 2010-2011  

Diversity Research Advisory Committee, Member, 2009-2010 

Spectrum Scholar Mentor, 2009  

Diversity Grants Review Committee, Member, 2007, 2010, 2012  

Office of Statistics and Research  

Research and Statistics Committee, Member, 2005-2007; Intern, 2003-2005  

Library Research Round Table  

Nominating Committee, 2022-2023 

Membership Committee, 2019-2021  

Board of Directors, Member At-Large, 2009-2012  

Office of Accreditation  

Accreditation Panel Member (training completed 2004)  

Accreditation Review Panel Member (training completed 2004)  

  

REFORMA, Life Member  

National Board of Directors, 2005-2013  

National Fundraising Chair, 2005-2013  

National Recruiting and Mentoring Committee, 2008-2010  

Colorado Chapter, Secretary, 2004-2005  

Colorado Chapter Liaison to National Board of Directors, 2004-2013  

  

American Association of Law Libraries (AALL), Life Member Online Audiovisual Catalogers Association 

(OLAC) Colorado Association of Law Librarians (CoALL)  

  

American Association of University Women Association for Library and Information Science Education 

(ALISE)  

University of Denver ALISE Representative, 2003-2008; 2010-2011  

Membership Advisory Committee, 2007-2010  

Technical Services Education Special Interest Group, 2003-  

Garfield Doctoral Dissertation Award Reviewer, 2012  

Garfield Doctoral Dissertation Scholarship Reviewer, 2014  

 

American Association of University Professors (AAUP), 2006-  
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American Grant Writers Association, 2014- Grant Professionals Institute, 2016- National Grants 

Management Association, 2014-  

Grant Reviewer (National and Regional Team Leader), U.S. Department of Education, 1998- Grant 

Reviewer, Broadband Technologies Opportunity Program, U.S. Department of Commerce, 2009  

Grant Reviewer, Institute of Museum and Library Services, 1998-2000  

Grant Reviewer, Colorado Department of Education, 2014- 

Grant Reviewer, Colorado State Library, 1998-  

Grant Reviewer, American Association of Community Colleges Working Connections program, 1999  

Peer Reviewer, Journal for Library and Information Science Education, 2005-  

Peer Reviewer, Journal of Library Metadata, 2009  

Peer Reviewer, International Journal of Library and Information Science, 2011  

Regular Columnist, The Bottom Line, 2013-2016  

Book Reviewer, Library Journal, 2001  

Book Reviewer, Críticas, 2002-2009  

Book Reviewer, Colorado Libraries, 2000-2012  

  

REGIONAL SERVICE & PROFESSIONAL AFFILIATIONS  

  

Mountain Plains Library Association  

Professional Development Grants Committee, Member, 2005-2006  

Professional Development Policy and Guidelines Sub-committee Chair, 2006  

  

Colorado Association of Libraries  

“Student Voices” Column Editor, Colorado Libraries, 2005-2006  

Conference Planning Committee, Member, 2002  

Technical Services and Automation Division, Chair, 2002-2003; Member, 2000-  

Academic Libraries Division, Peer Review Conference Papers Committee, Member, 2007-2009  

Education Committee, Member, 1988-1993  

Diverse Populations Committee, Member, 2009-2013  

  

SERVICE TO THE UNIVERSITY OF DENVER  

Center for Teaching and Learning Faculty Advisory Board, 2007-2008; 2010-2012  

Center for Community Engagement and Service Learning Advisory Board, 2007-2012  

Faculty Senate  

Executive Committee, 2008-2013  

Nominations, Rules & Credentials Committee, Chair, 2008-2013; Member 2007-2013  

Appointment, Promotion, and Tenure Revision Committee, 2010-2012  

Grievance Policy Committee Member, 2007-2010  

Law Library Director Search Committee Chair, 2012-2013  

PROF Grant Review, College Representative to the University Review Team, 2006, 2008  

Project Homeless Connect Evaluations, Principal Investigator, 2006-2009  

University Technology Council, 2007-2009  

University of Denver Hyde Interviews for Incoming Freshmen, 2003-2012  

  

SERVICE TO THE MORGRIDGE COLLEGE OF EDUCATION  

Appointment, Tenure & Review Committee  

Member, voting, 2003-2005; 2007- 2009  

Chair, Clinical Faculty Promotion & Tenure Policy Subcommittee, 2008-2009  

Member, Community Engagement Subcommittee, 2007-2009  

Member, Tenure Review Panel, 2003  

Advancement and Alumni Relations Committee, Chair, 2003-2007; Member, 2002-2007  

College Building Committee Member, 2004-2010  
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College of Education Student Association, Faculty Advisor, 2004-2007; 2009-2010  

Faculty Senator, 2007-2013  

Research and Scholarship Committee, Chair, 2008-2009; Member, 2002-2003, 2008-2009  

Research and Grant Mentoring Committee, Chair, 2009-2010  

Research Task Force Member, 2010-2012  

Search Committee Member, Assistant Professor for Curriculum & Instruction, 2010-2011 

Workload Task Force Member, 2010-2011  

  

SERVICE TO THE LIBRARY & INFORMATION SCIENCE PROGRAM  

Library and Information Science Student and Alumni Association, Faculty Advisor, 2002-2008  

ALA Student Chapter, Faculty Advisor, 2005-2008  

Beta Phi Mu Phi Chapter, Faculty Advisor, 2004-2014  

Steering Committee Member, Accreditation by the American Library Association, 2001-2004  

Search Committee Member, Associate Professor for LIS, 2006  

Search Committee Chair, Assistant Professors for LIS, 2003, 2005, 2006, 2007 

Search Committee Ex-Officio Member, Director for LIS, 2004  

  

SERVICE TO SAM HOUSTON STATE UNIVERSITY  

Rio Roundup: South Texas Literature Conference, Conference Coordinator, 1993  

External Relations, Fund Raising, Grants Committee, Chair, 1993-1995  

Advisory Council Committee, Chair, 1993-1995  

Students, Admissions, and Advisement Committee, Chair, 1994 

Institutional Effectiveness Committee, Member, 1993-1995  

  

SERVICE TO THE COLLEGE OF EDUCATION AND APPLIED SCIENCE  

Faculty Affairs Committee, Member, 1993-1995  

Curriculum Committee, Member, 1993-1995  

Continuing Education Committee, Member, 1993-1995  

  

SERVICE TO THE COMMUNITY  

French Teacher & Student Exchange with Laon, France, Monarch High School, Boulder Valley School District 

(Boulder, Colorado), 2017-  

Denver/Boulder Games 2022, Board of Directors, Secretary-Treasurer, 2015-2018  

United Way Campaign Committee, College of Education, 2006  

Arapahoe County, Election Judge for the County Clerk and Recorder, 2000-2005  

Arthritis Foundation, Rocky Mountain Chapter, Certified Educator & Trainer, 1999-2008  

Bonfils Blood Center, Silver Level Donor, 2000-2016  

Denver Museum of Natural History, Docent, 1992  

Tech Prep of the Lower Rio Grande Valley, Inc. (Harlingen, Texas) Board of Directors, 1995-1997 

Executive Committee, 1996-1997; Chair, Development Committee, 1995-1997; Chair, Fiscal Agency  

Committee, 1995-1996; Chair, Colleges and Universities Committee, 1996-1997  

Gilpin County (Colorado) Public Library Board of Trustees, 1986-1989; Vice President, 1987-1989  

City of Central (Colorado) Economic Development Committee, 1987-1989  

Columbine Family Health Centers, Inc. (Nederland and Black Hawk, Colorado) Board of Directors, 1988-1989  

  

CERTIFICATION  

Permanent Public Librarian Certificate - Pennsylvania, New York, Texas  

Westlaw Expert Witness, 2008-  

Certified Grant Writer®, 2016-  
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AWARDS AND HONORS  

Advanced Practitioner for Service Learning and Community Engagement, University of Denver, 2011  

Platinum Star Alumnae, College of Information, Library Science & Technologies, University of North Texas, 2009  

Commendation for Integration of Technologies in Teaching & Learning Environment, University of Denver, 2006  

Outstanding Adjunct Faculty Member Award, College of Education, University of Denver, 2002  

Beta Phi Mu, Pi, University of Pittsburgh, 1985  

Alpha Lambda Sigma, University of North Texas, 1972  

Albert Nelson Marquis Lifetime Achievement Award, Who’s Who in America  

Who's Who in American Women  

Who's Who of Women Executives  

Dictionary of International Biography  

Who's Who in the East  

Who’s Who in the South and Southwest  

Who's Who in the World  

Who's Who of Online Professionals  

Who's Who in Library and Information Science  

2,000 Notable Women  

Who's Who of Emerging Leaders  

Who's Who in Professional and Executive Women  

Who's Who in American Education  

International Who's Who of Professional and Business Women  

International Leaders in Achievement 

International Educator of the Year  

Who’s Who in Finance and Industry  

Who’s Who in Finance and Business  

 

Invited International and National Conference Presentations  

 

Hall-Ellis, Sylvia D. Presentation of the Robert O. Ellett Endowed Scholarship. Presentation delivered to the School 

of Information at San Jose State University Alumni & Student Program, American Library Annal Conference, 

San Diego, Calif., June 29, 2024.  

 

Driscoll, Margaret, Christy Confetti Higgins, Scott Brown, and Sylvia D. Hall-Ellis. A View from  

Within: Open House Tour of Three Canvas Core Courses. Presentation to be delivered at the School of 

Information, San José State University Professional Development Seminar, San José, California, October 17, 

2019.  

  

Hall-Ellis, Sylvia D. Invest in Me -- I'm Your Future: Succession Planning for Libraries. Keynote presentation 

delivered at the ALCTS President’s Symposium, Boston, Mass., January 8, 2016.  

  

Seidel, Kent E. and Sylvia D. Hall-Ellis. Making Grants Work for You: Strategies for Doctoral Students and Early 

Career Scholars. Presentation delivered at the University Council for Educational Administration, Early 

Career Scholars Session, Indianapolis, Ind., November 9, 2013.  

  

Hall-Ellis, Sylvia D. So You Want to be a Manager; Leadership Skills and Competencies for Technical Services 

Managers and Administrators. Presentation delivered at the 138th Annual Conference, American Library 

Association, Chicago, Ill., June 29, 2013.  

  

Seidel, Kent E., Karen S. Riley, Lyndsay Agans, Susan Korach, and Sylvia D. Hall-Ellis. Making Grants Work for 

You (Instead of Just Working for Grants). A panel discussion delivered at the University Council for 

Educational Administration, Early Career Scholars Session, Denver, Colo., November 17, 2012.  
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Hall-Ellis, Sylvia D. After the Great TS Reorganization: The Westminster Law Library. Presentation delivered at the 

137th Annual Conference, American Library Association, Anaheim, Calif., June 23, 2012.  

  

Hall-Ellis, Sylvia D. Conversations with Catalogers in the 21st Century. A panel discussion sponsored by the 

ALCTS Competencies for a Career in Cataloging Interest Group, delivered at the 137th Annual Conference, 

American Library Association, Anaheim, Calif., June 22, 2012.  

  

Hall-Ellis, Sylvia D., moderator. Mid-Career Leaders Program. A panel discussion sponsored by the ALA 

Committee on Diversity delivered at the 136th Annual Conference, American Library Association, New Orleans, 

La., June 26, 2011.  

  

Hall-Ellis, Sylvia D., moderator. Diversity Town Hall. A community conversation sponsored by the ALA  

Committee on Diversity delivered at the 136th Annual Conference, American Library Association, New Orleans, 

La., June 24, 2011.  

  

LaBarre, Kathryn, Sylvia D. Hall-Ellis, Karen Anderson, Rick Hasenyager, Christopher Cronin, and Penny Baker. 

Briefings from RDA Test Participants. A panel discussion delivered at the Midwinter Conference, American 

Library Association, San Diego, Calif., January 7, 2011.  

  

Miksa, Shawne, Marjorie Bloss, and Sylvia D. Hall-Ellis. Educating the Next Generation of Catalogers: Teaching 

RDA. A panel discussion delivered at the 97th Annual Conference, Association for Library and Information 

Science Education, San Diego, Calif., January 7, 2011.  

  

Hall-Ellis, Sylvia D., Robert Maxwell, John Hostage, and George Prager. RDA Panel: What Cataloging Managers 

Need to Know. Presentation delivered at the 103rd Annual Conference, American Association of Law Librarians, 

Denver, Colo., July 12, 2010.  

  

Hall-Ellis, Sylvia D. and Stacey L. Bowers. Catalogers in the RDA Environment: Skill Sets, Expectations and 

Challenges. Presentation delivered at the 103rd Annual Conference, American Association of Law Librarians, 

Denver, Colo., July 11, 2010.  

  

Hall-Ellis, Sylvia D. Comfortable in Your Cataloging and Metadata Specialist Skin? Or, So You Want to Hire 

a Cataloger. Presentation delivered to the ALCTS Research Group at the 134th Annual Conference, 

American Library Association, Chicago, Ill., July 11, 2009. 

 

Perez, Megan, Sylvia D. Hall-Ellis, and Denise Anthony. From Novice to Expert: Collaboration for Succession 

Planning. A “hot topic” presentation delivered at the 14th ACRL Conference, Seattle, Wash., March 13, 2009.  

  

Hall-Ellis, Sylvia D. Cataloging in the RDA Environment: Skill Sets, Expectations and Challenges. Presentation 

delivered to the ALCTS Research and Publications Committee at the Midwinter Conference, American Library 

Association, Denver, Colo., January 24, 2009.  

  

Hall-Ellis, Sylvia D. LIS Cataloging Education for the 21st Century: Expectations and Challenges. A panel 

discussion held at the 95th Annual Conference, Association for Library and Information Science Education, 

Denver, Colo., January 23, 2009.  

  

Chu, Clara, Sylvia D. Hall-Ellis, and Mark Winston. The Doctoral Degree & Building a Career. A panel discussion 

delivered at the ALA Office of Diversity Spectrum Doctoral Fellows E.J. Josey Leadership Institute, Midwinter 

Conference, American Library Association, Denver, Colo., January 20, 2009.  
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Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Fundamentals of Cataloging Course: An Overview of the ALCTS 

Online Course. Presentation delivered to the ALCTS Big Heads Group, 133rd Annual Conference, American 

Library Association, Anaheim, Calif., June 30, 2008.  

  

 

Hall-Ellis, Sylvia D. Employers’ Expectations for Technical Services Librarians: What We Don’t Know.  

Presentation delivered to the ALCTS Research and Publications Committee Program, 133rd Annual Conference, 

American Library Association, Anaheim, Calif., June 28, 2008.  

  

Hall-Ellis, Sylvia D., Virginia R. Maloney, and Mary Stansbury. Institutional Responses to Engaged Scholarship: 

The Carnegie Foundation Engaged University Classification at Two Universities. Presentation delivered to the 

94th Annual Conference, Association for Library and Information Science Education, Philadelphia, Pa., 

January 11, 2008.  

  

Hall-Ellis, Sylvia D. Puzzles, Problems, and Predicaments. Presentation delivered to the ALCTS Research 

Discussion Group, 132nd Annual Conference, American Library Association, Washington, D.C., June 23, 2007.  

  

Hall-Ellis, Sylvia D. Cataloging Education: A New Emphasis for the Library and Information Science Curriculum.  

Presentation delivered to the ALCTS Pre-conference, 132nd Annual Conference, American Library Association, 

Washington, D.C., June 22, 2007. http://www.loc.gov/catdir/cpso/careercat.html  

  

Ellett, Jr., Robert O. and Sylvia D. Hall-Ellis. Copy Cataloging Done Smarter. Presentation delivered to the 

International Conference on Interdisciplinary Information Sciences and Technologies (InSciT2006), October 25- 

28, 2006.  

  

Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Cooperative Cataloging: Challenges and Opportunities for Defense 

Libraries. Presentation delivered to the 1st Annual Conference of Defense Libraries, Spanish Ministry of 

Defense, Madrid, Spain, July 7, 2006.  

  

Hall-Ellis, Sylvia D. Cataloger Competencies: Do the Employers Require What the Professors Teach? Presentation 

delivered to the ALCTS CCS Heads of Cataloging Discussion Group, 131st Annual Conference, American 

Library Association, New Orleans, La., June 26, 2006.  

  

Grealy, Deborah S. and Sylvia D. Hall-Ellis. From Research to Practice: The Scholarship of Teaching and Learning 

in LIS Education. Presentation delivered to the at the 92nd Annual Conference, Association for Library and 

Information Science Education, San Antonio, Tex., January 18, 2006. 

  

Hall-Ellis, Sylvia D. Employers’ Expectations for Entry-Level Catalogers: What Position Announcement Data 

Indicate. Research paper delivered to the Technical Services Special Interests Group, 91st Annual Conference, 

Association for Library and Information Science Education, Boston, Mass., January 12, 2005.  

         http://dlist.sir.arizona.edu/  

 

Hall-Ellis, Sylvia D. Common Errors in MARC Records Prepared by LIS Students: What Does It Mean? Research  

         paper delivered to the ALCTS CCS Cataloging Norms Discussion Group, Mid-Winter Conference, 90th 

American Library Association, San Diego, Calif., January 10, 2004.  

  

Hall-Ellis, Sylvia D. Visual Arts as Foundation for Successful Library Automation: The Rocky Mountain College of 

Art & Design Experience. Paper delivered at the 6th Annual Conference of Higher Education, Charleston, S. C., 

1993.  

  

Hall, Sylvia D. Design Elements for Bibliographic Databases: An Overview. Paper delivered at the 14th Online 

National Conference, New York, 1983.  
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Invited Regional Conference Presentations  

  

Hall-Ellis, Sylvia D., Hudson, Christopher D., Brittany Cronin, and Kathryn Michaels. “The Colorado Law Project:  

Meeting the Public's Need for Legal Information.” Panel discussion delivered at the Mountain Plains Library 

Association Conference, Billings, Mont., April 9, 2011.  

  

Grealy, Deborah S. and Sylvia D. Hall-Ellis. Education for Information Professionals in New Mexico: Library & 

Information Science Graduate Education at the University of Denver. Presentation delivered at the New Mexico 

Library Education Summit, Las Vegas, N.M., September 26, 2005.  

  

Hall-Ellis, Sylvia D. Public Library-School Library Partnerships. Presentation delivered at the 3rd Annual Colorado 

Association of Libraries Conference with the Mountain Plains Library Association, Denver, Colo., October 22, 

2004.  

  

Hall-Ellis, Sylvia D. Learn All You Can – Educational Partnership Opportunities for the Lewis and Clark  

Bicentennial Commemoration. Paper delivered at the 3rd Annual Lewis and Clark Bicentennial Council National 

Planning Conference, Bismarck, N.D., April 26, 1998.  

  

Invited State Conference Presentations  

  

Grealy, Deborah S. and Sylvia D. Hall-Ellis. Academic Library Leadership Changes: Using Succession Planning 

and Mentoring. Presentation delivered at the Minnesota Library Education Conference, St. Cloud, Minn., 

October 10, 2013.  

  

Hall-Ellis, Sylvia D., Merrie Valliant, and Melissa Powell. RDA: What Is It and What Do You Need To Do With It At 

Your Library? Presentation delivered at the Colorado Library Consortium Spring Conference, Ft. Morgan, Colo., 

April 26, 2013.  

  

Hall-Ellis, Sylvia D. Service Learning and the Library & Information Science Graduate Education at the University 

of Denver. Presentation delivered at the 4th LEADS Scholars Orientation, Denver, Colo., August 5, 2009.  

  

Hall-Ellis, Sylvia D. Service Learning: Enhancement to Library & Information Science Graduate Education at the 

University of Denver. Presentation delivered at the 3rd LEADS Scholars Orientation, Denver, Colo., June 2008.  

  

Hall-Ellis, Sylvia D. Law Librarianship: A Community Conversation. Sponsored by the Colorado Association of 

Law Libraries. Paper delivered at the Colorado Supreme Court Library, Denver, Colo., May 14, 2008.  

  

Hall-Ellis, Sylvia D. Opportunities and Challenges in Law Librarianship: A Community Conversation. Presentation 

delivered at the Sturm College of Law, Denver, Colo., November 7, 2007.  

Ellis, Sylvia D. Grant Writing Resources for Nursing Professionals. Presentation delivered at the Presbyterian / St. 

Luke’s Health One Medical Center 1st Annual Research Symposium, Denver, Colo., October 17, 2007.  

 

Hall-Ellis, Sylvia D. Project Homeless Connect 4 Event Evaluation – Insights and Lessons Learned. Presentation  

         delivered at the Homelessness Research Symposium: What is DU Doing about Homelessness in Denver, 

Denver, Colo., September 14, 2007.  
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Hall-Ellis, Sylvia D. Service Learning and the Library & Information Science Graduate Education at the University 

of Denver. Presentation delivered at the 2nd LEADS Scholars Orientation, Denver, Colo., August 10, 2007.  

  

Hall-Ellis, Sylvia D. Education for Information Professionals in a Digital Environment: Library & Information 

Science Graduate Education at the University of Denver. Presentation delivered at the 15th Spring Mountains 

and Plains Parapros Conference, Denver, Colo., February 24, 2007.  

  

Hall-Ellis, Sylvia D. Public Library Service to Spanish-Speaking and Latino Residents in Denver: A Case Study. 

Presentation delivered at the 4th Annual Colorado Association of Libraries Conference, Denver, Colo., 

November 10, 2005.  

  

Hall-Ellis, Sylvia D. Education for Information Professionals in a Digital Environment: Library & Information 

Science Graduate Education at the University of Denver. Presentation delivered at the 14th Annual Mountains 

and Plains Parapros Conference, Aurora, Colo., July 29, 2005.  

  
Hall-Ellis, Sylvia D. Educational Opportunities: Library & Information Science Graduate Education at the 

University of Denver. Presentation delivered at the 13th Annual Mountains and Plains Parapros Conference, 

Centennial, Colo., August 6, 2004.  

  

Hall-Ellis, Sylvia D. Library Education & Training: Focus on the West: An LIS Faculty Member’s Personal 

Response. Presentation delivered at the 1st Annual Colorado Association of Libraries Conference, Keystone, 

Colo., October 18, 2002.  

  

Hall-Ellis, Sylvia D. Grant Writing for School Librarians. Presentation delivered at the 2002 Annual Colorado 

Education Media Association Conference, Colorado Springs, Colo., February 15, 2002.  

  
Hall-Ellis, Sylvia D. Grants – Opportunities for the Future. Paper delivered at the Southeast Regional Accountability 

Annual Conference, Lamar, Colo., November 12, 1998.  

  

Hall-Ellis, Sylvia D. The Texas Library Connection and Interlibrary Loan: An Experiment in Resource Sharing. Paper 

delivered at the Texas Computer Educators’ Association Annual Conference, Austin, Tex., February 6, 1997.  

  

Hall-Ellis, Sylvia D. Finding Grant Sources on the Internet: A Guide for Librarians. Paper delivered at the 2nd Annual 

Institute for School Library Personnel, Pharr-San Juan-Alamo North High School, Pharr, Tex., July 29, 1996.  

  
Hall-Ellis, Sylvia D. Mathematical and Logical Thinking: A Critical Intelligence. Paper delivered at the 3rd Annual 

Paraprofessional Conference at the University of Texas - Pan American, Edinburg, Tex., March 8, 1996.  

  

Hall-Ellis, Sylvia D. Cataloging Trends and Issues: Update Session. Paper delivered at the 1st Annual Institute for 

School Library Personnel, South Texas Community College, McAllen, Tex., July 19, 1995.  

  
Hall-Ellis, Sylvia D. Grant Writing: Tips and Encouragement for School Librarians. Paper delivered at the 1st Annual 

Institute for School Library Personnel, South Texas Community College, McAllen, Tex., July 18 and 19, 1995. 

  

Hall-Ellis, Sylvia D. How to Become an Expert Grant Writer. Paper delivered at the 3rd Annual High School 

Principals’ Academy, South Padre Island, Port Isabel, Tex., June 19, 1995.  

 

Texas Library Study: Results from Regions I and II. Paper delivered at the 3rd Annual Technology Conference, Texas 

A&M University, College Station, Tex., November 18, 1994.  

  

Hall-Ellis, Sylvia D. Academic Achievement and Middle School Students. Paper delivered at the 8th Annual Young 

Adult Conference, Sam Houston State University, Huntsville, Tex., November 5, 1994.  

  

Hall-Ellis, Sylvia D. Multimedia Resources for Library Leaders. Paper delivered at the Institute for Librarians in A 

Multicultural Environment, Sam Houston State University, Huntsville, Tex., June 10, 1994.  
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Hall-Ellis, Sylvia D. Finding the Resource: Empowering the User, or, the Case for Curriculum Based Subject Access 

to Learning Resource Center Collections. Paper delivered at the 81st Annual Texas Library Association 

Conference, Corpus Christi, Tex., April 12-16, 1994.  

  

Hall-Ellis, Sylvia D. and William H. Pichette. Sam Houston State University Makes Use of OCLC/AMIGOS 

Collection Analysis CD. Paper delivered at the 81st Annual Texas Library Association Conference, Corpus 

Christi, Tex., April 12-16, 1994.  

  

Hall, Sylvia D. Funding and Library Development in Pennsylvania: A Symbiotic Relationship. Paper delivered at 

the Annual Graduate Student Colloquia, University of Pittsburgh, School of Library and Information Science, 

1982.  

  

Hall, Sylvia D. Leadership for Public Library Trustees. Paper delivered for the Trustees Division, Pennsylvania 

Library Association Annual Conference, Lancaster, Penn., 1981.  

  
Seminar and Professional Development Presentations  

  

Taylor, Meredith, and Sylvia D. Hall-Ellis. Talent Management and Succession Planning. ALCTS eForum, held 

March 22, 2017.  

  

Hirsh, Sandra, Heather O’Brien, Michelle Holschuh Simmons, Michael Krasulski, and Sylvia D. Hall-Ellis. 

Information Services Today: An Introduction. Part 3: Information Services: Roles in the Digital Age. Rowan 

and Littlefield in partnership with Library Journal webinar, recorded February 5, 2015.  

  

Hall-Ellis, Sylvia D. and Jennifer Sweda. Copy Cataloging in an RDA Environment. ALCTS eForum, held May 14 

and 15, 2013.  

  

Hall-Ellis, Sylvia D. Law Librarianship: A Community Conversation. Sponsored by the Colorado Association of 

Law Libraries, presented at the Colorado Supreme Court Library, Denver, Colo., May 14, 2008.  

  

Hall-Ellis, Sylvia D. and Beatrice Z. Gerrish. Reading and Libraries: Recent Research in Reading. Presentation at 

the Ricks Center for Gifted Education, Denver, Colo., March 4, 2008.  

  

Hall-Ellis, Sylvia D. Cataloger Competencies: Do the Employers Require What the Professors Teach? Presentation 

for the School of Library and Information Science, San José State University, February 12, 2008.  

  

Hall-Ellis, Sylvia D. and Robert O. Ellett, Jr. Cooperative Cataloging: Rules, Tools, and Conventions for Building a 

Multi-institutional Catalog. Sponsored for the Spanish Ministry of Defense, Madrid, Spain, July 10, 2006.  

  

Hall-Ellis, Sylvia D. Cash for Kids: Grant Writing Opportunities for Youth Services Librarians. Sponsored by the 

Colorado Young Adult Librarians; presented at Bemis Memorial Library, Littleton, Colo., November 13, 2002.  

  

Hall-Ellis, Sylvia D. MARC Records and Authority Control: Planning for Bibliographic Database Migration.  

Sponsored and held at the Douglas County Public Library, Castle Rock, Colo., May 28, 2002.  

Grant Writing: A Refresher for Librarians. Sponsored by Library and Information Science 

Program, College of Education, University of Denver; presented at University Center at Chaparral, August 12, 

2000.  

  

Hall-Ellis, Sylvia D. Shaking the Money Tree – Basic Grant Writing for Colorado Educators. Sponsored by the 

Office of Educational Telecommunications of the Colorado Department of Education.  

Pikes Peak Community College, Colorado Springs, Colo., November 16, 1998.  
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Pueblo School District 60, Pueblo, Colo., November 12, 1998.  

University of Northern Colorado, Greeley, Colo., November 10, 1998.  

United Technology Educational Partnership, Grand Junction, Colo., November 9, 1998.  

  

Hall-Ellis, Sylvia D. Cataloging Multimedia, Kits, Globes and Map Materials in USMARC. Sponsored and hosted 

by Region One Education Service Center, Edinburg, Tex., April 24, 1997 and December 12, 1996.  

  

Hall-Ellis, Sylvia D. New Standards for School Library Media Centers. Sponsored and hosted by Region One 

Education Service Center, Edinburg, Tex., April 15, 1997.  

 

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21st Century: Visions for the Future.  

        Sponsored and hosted by Pharr-San Juan-Alamo Independent School District, Pharr, Tex., April 4, 1997.  

  

Hall-Ellis, Sylvia D. Cataloging Sound Recordings and Audio Materials in USMARC. Sponsored and hosted by 

Region One Education Service Center, Edinburg, Tex., March 20, 1997 and November 21, 1996.  

  

Hall-Ellis, Sylvia D. Evaluating and Selecting CD-ROMS for School Library Media Collections. Sponsored and 

hosted by Region One Education Service Center, Edinburg, Tex., March 18, 1997.  

  

Hall-Ellis, Sylvia D. Cataloging Audiovisual Materials in USMARC. Sponsored and hosted by Region One Education 

Service Center, Edinburg, Tex., February 27, 1997, November 7, 1996 and October 24, 1996.  

  

Hall-Ellis, Sylvia D. Introduction to Dialog: Basic Searching Strategies. Sponsored and hosted by Region One 

Education Service Center, Edinburg, Tex., February 14, 1997.  

  

Hall-Ellis, Sylvia D. Cataloging Books in USMARC. Sponsored and hosted by Region One Education Service Center, 

Edinburg, Tex., January 30, 1997, October 10, 1996, September 26, 1996 and August 8, 1996.  

  

Hall-Ellis, Sylvia D. Advanced Internet Searching Techniques for Librarians. Sponsored and hosted by Region One 

Education Service Center, Edinburg, Tex., January 21, 1997.  

  

Hall-Ellis, Sylvia D. Texas Library Connection Full-Text Searching. Sponsored and hosted by Region One Education 

Service Center, Edinburg, Tex., December 13, 1996 and October 25, 1996.  

  

Hall-Ellis, Sylvia D. Developing Evaluation Strategies for Grants and Proposals. Sponsored and hosted by Region 

One Education Service Center, Edinburg, Tex., December 10, 1996.  

  

Hall-Ellis, Sylvia D. Developing Needs Assessment for Grants and Proposals. Sponsored and hosted by Region One 

Education Service Center, Edinburg, Tex., November 12, 1996.  

  

Hall-Ellis, Sylvia D. Texas Library Connection Union Catalog Searching. Sponsored and hosted by Region One 

Education Service Center, Edinburg, Tex., November 8, 1996 and September 6, 1996.  

  

Hall-Ellis, Sylvia D. Grant Resources on the Internet. Sponsored and hosted by Region One Education Service 

Center, Edinburg, Tex., October 23, 1996.  

  

Hall-Ellis, Sylvia D. Preparing a Response to the Telecommunications Infrastructure Fund Board: Needs  

         Assessment, Professional Development Framework, and Evaluation Strategies. Sponsored and hosted by 

Region One Education Service Center, Edinburg, Tex., October 16, 1996.  

 

Hall-Ellis, Sylvia D. Texas Library Connection: Building the Districtwide Bibliographic Database. Sponsored and  

         hosted by Mercedes Independent School District, Mercedes, Tex., September 13, 1996 and August 8, 1996. 

Sponsored and hosted by Los Fresnos Consolidated Independent School District, Los Fresnos, Tex., August 12, 

1996.  
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Hall-Ellis, Sylvia D. School-to-Work and Special Education: An Inclusive Partnership for Success. Sponsored and 

hosted by the Office of Special Education, Region One Education Service Center, Edinburg, Tex., September 

11, 1996.  

  

Hall-Ellis, Sylvia D. Telecommunications Infrastructure Fund Board: An Overview of Funding for Secondary 

Schools. Sponsored and hosted by Region One Education Service Center, Edinburg, Tex., August 31, 1996.  

  

Hall-Ellis, Sylvia D. Cataloging Books, Multimedia, and Realia in USMARC. Sponsored and hosted by Edinburg 

Consolidated Independent School District, Edinburg, Tex., August 6, 1996.  

  

Hall-Ellis, Sylvia D. Internet Resources for Grant Writers. Sponsored and hosted by Region One Education Service 

Center, Edinburg, Tex., April 20, 1996.  

  

Hall-Ellis, Sylvia D. Enhanced Grant Writing Skills for Mathematics Educators: Writing Skills for Campus Teams. 

Sponsored and hosted by the Office of General Education, Region One Education Service Center, Edinburg, 

Tex., March 22, 1996.  

  

Hall-Ellis, Sylvia D. Internet Resources for Grant Writers. Sponsored and hosted by the College of Education and 

Applied Science, Sam Houston State University, Huntsville, Tex., March 9, 1996.  

  

Hall-Ellis, Sylvia D. Grant Writing for Mathematics Educators: A Development Process for Campus Teams. 

Sponsored and hosted by the Office of General Education, Region One Education Service Center, Edinburg, 

Tex., March 4, 1996.  

  

Hall-Ellis, Sylvia D. Shaking the Money Tree: Preparing Successful Technology Grant Applications. Sponsored and 

hosted by the Office of Technology and Media Services, Region One Education Service Center, Edinburg, Tex., 

February 29, 1996 and April 29, 1996.  

  

Hall-Ellis, Sylvia D. District-wide Technology Planning: Technical Assistance for the Texas Education Agency 

Initiative. Sponsored and hosted by the Office of Technology and Media, Region One Education Service Center, 

Edinburg, Tex., February 2, 1996.  

  

Hall-Ellis, Sylvia D. Enhanced Grant Writing Skills. Sponsored and hosted by Pharr-San Juan-Alamo Independent 

School District, Pharr, Tex., January 27, 1996.  

  

Hall-Ellis, Sylvia D. United States Copyright Act of 1976, Video Transmissions, Computer Software and the 

Internet. Sponsored and hosted by the Office of Technology and Media, Region One Education Service Center, 

Edinburg, Tex., January 24, 1996.  

  

Hall-Ellis, Sylvia D. The Grant Writing Development Process. Sponsored and hosted by Pharr-San Juan-Alamo 

Independent School District, Pharr, Tex., January 20, 1996.  

  

Hall-Ellis, Sylvia D. MARC Cataloging of Materials for Library Media Centers. Sponsored and hosted by the 

Office of Media Services, Region One Education Service Center for the Donna Independent School District, 

Donna, Tex., August 17, 1995.  

  

Hall-Ellis, Sylvia D. Classification. Sponsored by AJ Seminars, Rockville, Maryland; presented at University Hilton 

Hotel, Houston, Tex., May 10, 1995.  

 

Hall-Ellis, Sylvia D. Library Technical Services. Sponsored by AJ Seminars, Rockville, Maryland; presented at 

University Hilton Hotel, Houston, Tex., April 26, 1995.  

  

Samsung Exhibit 1012, Page 317 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



  

Sylvia D. Hall-Ellis, Ph.D.  

Page 27 of 52  

 

Hall-Ellis, Sylvia D. Grant Writing: An Introduction for Public School Administrators. Sponsored and hosted by the 

Office of Administrative Services, Region One Education Service Center, Edinburg, Tex., April 19, 1995.  

  

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21st Century: Visions for the Future. 

Sponsored and hosted by the United Independent School District, Laredo, Tex., March 31, 1995.  

  

Hall-Ellis, Sylvia D. Using USMARC. Sponsored by AJ Seminars, Rockville, Maryland; presented at University 

Hilton Hotel, Houston, Tex., March 29, 1995.  

  

Hall-Ellis, Sylvia D. Library Media Center Policies and Guidelines: How to Prepare for School Board Adoption. 

Sponsored and hosted by the Office of Technology and Media Services, La Joya Independent School District, 

La Joya, Tex., March 10, 1995.  

  

Hall-Ellis, Sylvia D. Developing District-wide Policies and Guidelines for Library Media Centers. Sponsored and 

hosted by the Office of Technology and Media Services, La Joya Independent School District, La Joya, Tex., 

January 10, 1995.  

  

Hall-Ellis, Sylvia D. MARC Cataloging of Audiovisual Materials for Library Media Centers. Sponsored and hosted 

by the Office of Library Media and Technology Services, Cypress-Fairbanks Independent School District, 

Houston, Tex., December 1, 1994.  

  

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21st Century: Visions for the Future. Sponsored and 

hosted by United Independent School District, Laredo, Tex., October 14, 1994.  

  

Hall-Ellis, Sylvia D. The School Library Media Specialist in the 21st Century: Visions for the Future. Sponsored and 

hosted by the Laredo Independent School District, Laredo, Tex., October 7, 1994.  

  

Hall-Ellis, Sylvia D. MARC Cataloging for Library Media Centers. Sponsored by the Office of Library Media and 

Technology Services, Cypress-Fairbanks Independent School District, Houston, Tex., October 5, 1994.  

  

Hall-Ellis, Sylvia D. Jump to the Head of the Class: Undergraduate Library Resources Available at Sam Houston 

State University. Sponsored by the Office of the Associate Vice President for Student Services, Sam Houston 

State University, Huntsville, Tex., October 4, 1994.  

  
Hall-Ellis, Sylvia D. CD-ROMs - 1994's Newest and the Best for Secondary Level Media Centers. Sponsored and 

hosted by Clear Lake Independent School District, Houston, Tex., June 3, 1994.  

  

Hall-Ellis, Sylvia D. Introduction to Classification. Sponsored by AJ Seminars, Rockville, Maryland; presented at 

Holiday Inn, Market Center, Dallas, Tex., May 18, 1994.  

  

Hall-Ellis, Sylvia D. Basic Descriptive Cataloging. Sponsored by AJ Seminars, Rockville, Maryland; presented at 

University Hilton Hotel, Houston, Tex., May 4, 1994.  

  

Hall-Ellis, Sylvia D. Shaking the Money Tree - Part II: Writing Successful Grant Applications. Sponsored by Donna 

Independent School District, Donna, Texas, and Region One Education Service Center Edinburg, Texas; 

presented at South Texas Community College Library, McAllen, Tex., April 29, 1994.  

  
Hall-Ellis, Sylvia D. Using MARC. Sponsored by AJ Seminars, Rockville, Maryland; presented at Holiday Inn, 

Market Center, Dallas, Tex., April 6, 1994.  

  

Hall-Ellis, Sylvia D. Automated Authority Control. Sponsored by AJ Seminars, Rockville, Maryland; presented at 

University Hilton Hotel, Houston, Tex., March 23, 1994. 
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Hall-Ellis, Sylvia D. Automating the District School Library Media Centers: Choices and Opportunities. Sponsored 

and hosted by the Office of Technology and Library Media Services, Fort Bend Independent School District, 

Sugar Land, Tex., March 4, 1994.  

  

Hall-Ellis, Sylvia D. Shaking the Money Tree - Part I: Preparing Successful Grant Applications. Sponsored and 

hosted by the Office of Library Media Services, Donna Independent School District, Donna, Tex., February 4, 

1994.   
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GRADUATE COURSES TAUGHT  

San José State University, School of Library and Information Science  

INFO 249 – Advanced Cataloging and Classification (Fall 2015, 2016; Summer 2016)  

INFO 287 – Special Topics in Cataloging and Classification (Spring 2017, 2018, 2019, 2020, 2021, 2022, 2023, 

2024; Fall 2020, 2021, 2022, 2023, 2024)  

LIBR 248 – Beginning Cataloging and Classification (Summer 2002, 2003, 2004, 2005, 2006)  

LIBR 249 – Advanced Cataloging and Classification (Summer 2003; Fall 2014; Summer 2015)  

  

University of Denver, University College  

Grant Writing Certificate Seminar for Non-Profit Organizations (Fall 2020, 2021; Spring 2021)  

  

University of Denver, Morgridge College of Education HED 

5991 – Grant Writing in Higher Education (Spring 2011)  

LIS 4010 – Organization of Information (Fall 2002-2009; Winter 2005; Spring 2004-2006)  

LIS 4020 – Professional Principles and Ethics (Summer 2000)  

LIS 4040 – Management of Libraries and Information Centers (Fall 2010; Spring 2003, 2009 (DS); Winter 2005)  

LIS 4070 – Cataloging and Classification (Winter 2008, 2009, 2010, 2011, 2012; Fall 2009 (DS)) LIS 

4321 – Collection Management (Spring 2005)  

LIS 4326 – LIS Research (Winter 2009 (DS); Spring 2009 (DS))  

LIS 4350 – Adult Materials and Services (Summer 2006, 2009)  

LIS 4379 – Social Sciences Resources (Spring 2009)  

LIS 4400 – Cataloging and Classification (Spring 2000, 2001; Winter 2002-2009; Summer 2005, 2006 – course 

renumbered LIS 4070, September 2007)  

LIS 4401 – Descriptive Cataloging (Winter 2001; Spring 2002, 2003, 2006-2009; Summer 2005)  

LIS 4402 – Subject Cataloging (Spring 2001, 2009; Summer 2005, 2006, 2007, 2008)  

LIS 4403 – Classification Schemes (Fall 2007, 2008, 2009 (DS)) LIS 

LIS 4405 – Authority Control (Winter 2009)  

LIS 4510 – Materials and Services for Children (Winter 2004; Summer 2005)  

LIS 4620 – Grant Writing and Fundraising (Summer 2000, 2002, 2004, 2010; Winter 2006; Fall 2006-2009)  

LIS 4700 – Seminar in Technical Services (Fall 2001)  

LIS 4700 – Seminar in Public Libraries (Summer 2002)  

LIS 4804 – Management of Electronic Records (Spring 2004; Fall 2005)  

LIS 4902 – Capstone Projects (Winter 2003, Spring 2008, 2009, 2011)  

LIS 4910 – Independent Study (every quarter Winter 2000 through Spring 2011)  

LIS 4920 – Service Learning (every quarter Summer 2004 through Spring 2011)  

RMS 4954 – Grant Writing (Summer 2013, 2014)  

RMS 4959 – Content Analysis Methodology (Spring 2015)  

QRM 4978 – Grant Writing (Summer 2011, 2012)  

  

Rutgers University, School of Communication and Information  

SC&I 522 – Cataloging and Classification (Summer 2013)  

  

University of Arizona, College of Behavioral and Social Sciences 

LIS 602 – Cataloging and Classification (Summer 1995)  

LIS 612 – Advanced Online Search and Retrieval (Summer 1995)  

  

Sam Houston State University, College of Education & Applied Science  

LIS 532 - Cataloging and Classification (Fall 1993, 1994, 1995)  

LIS 563 - Advanced Cataloging and Classification (Summer 1994)  

LIS 567 - Research Methods (Spring 1994, Spring 1995)  

LIS 591 - Educational Technology (Spring 1994, 1995)  

LIS 596 - Networking and Computer Technologies in Education (Fall 1993, Summer 1994, Fall 1995)  
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Dissertations at the University of Denver 

Bowers, Stacey L. Library Anxiety of Law School Students: A Study Utilizing the Multidimensional Library Anxiety 

Scale. Chair, May 5, 2010.  

  

Fattor, Melissa M. Student Engagement Differences by Ethnicity and Scale for Ninth Grade Students. Chair, 

November 1, 2010.  

  

Fulton, Roseanne. A Case Study of Culturally Responsive Teaching in Middle School Mathematics. Kent Seidel, 

Chair, June 18, 2009, Outside Chair.  

  

Grealy, Deborah S. Tribes and Territories in Library and Information Studies Education. Bruce Uhrmacher, Chair, 

June 10, 2008, Committee Member.  

  

McCord, J. Michael. Developing a Standard of Care for Educational Malpractice. Chair, April 15, 2011.  

  

Priebe, Sarah J. Distinguishing Effects of Domain and General Knowledge on Passage Fluency and Comprehension. 

Jan Keenan, Chair. July 21, 2011, Outside Chair.  

  

Snyder-Mondragon, Sandra M. Institutional Factors that Impact the Retention of Graduate Students of Color in 

Schools of Library and Information Science: A Metaregression of Accredited Library School Statistics on 

Student Retention and Graduation Rates. Kathy Green, Chair, July 24, 2009, Committee Member.  

  

Taylor, Karen Pickles. Effective Teaching. Elinor Katz, Chair, July 15, 2009, Outside Chair.  

  

Thompson, Jennifer. Distinguishing a Western Women’s College: A History of the Curriculum and Student 

Experience at Colorado Women’s College. Edith W. King, Chair, July 16, 2010, Committee Member.  

  

Walker, Emelda. Influence of Organizational Factors on Job Satisfaction of Disability Service Providers at 

Postsecondary Institutions. Chair, April 29, 2010.  

  

Dissertation Proposals at the University of Denver  

 Bowers, Stacey L. Library Anxiety of Law School Students: A Study Utilizing the Multidimensional Library Anxiety 

Scale. Chair, November 5, 2009.  

  

McCord, J. Michael. Developing a Standard of Care for Educational Malpractice. Edith W. King, Chair. April 23, 

2010.  

  

Thompson, Jennifer. History of Colorado Women’s College. Edith W. King, Chair, October 30, 2008. Committee 

Member.  

  

Walker, Emelda. Influence of Organizational Factors on Job Satisfaction of Disability Service Providers at 

Postsecondary Institutions. Chair, July 21, 2009.  

  

Dissertations at Other Institutions  

 Rodríguez-Mori, Howard. The Information Behavior of Puerto Rican Immigrants to Central Florida, 2003-2009: 

Grounded Analysis of Six Case Studies Use of Social Networks during the Migration Process. Kathleen Burnett, 

Chair, April 10, 2009, Florida State University, Committee Member.  

  

Schwartz, Brian More than a Look-up Skill: Medical Information Literacy Education in Osteopathic Medical Schools. 

D. Mirah Dow, Chair, July 18, 2017. Emporia State University, Committee Member.  

  

Snow, Karen. A Study of the Perception of Cataloging Quality among Catalogers. Shawne D. Miksa, Chair, August 

1, 2011. University of North Texas, Committee Member.  
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Dissertation Proposals at Other Institutions  

Schwartz, Brian More than a Look-up Skill: Medical Information Literacy Education in Osteopathic Medical Schools. 

D. Mirah Dow, Chair, December 4, 2015. Emporia State University, Committee Member.  

  

Snow, Karen. A Study of the Perception of Cataloging Quality among Catalogers. Shawne D. Miksa, Chair, May 11, 

2010. University of North Texas, Committee Member.  

  

Master’s Thesis at the University of Denver  

 Hemingson, Jeff. Recital Paper. Lamont School of Music, February 2010, Outside Chair.  

  

Capstones at the University of Denver  

 Anthony, Alisa. Correlation of Library and Information Science Program outcomes and Vacant Position  

Qualifications Listed on the Colorado State Library Jobline by Employers During the Period September 1, 2000 

through August 31, 2002. Chair, Winter Quarter, 2003.  

  

Borden, Donna M. Improving Emergency Communications Systems: Is a Radio Communications Network the 

Answer? Fall Quarter, 2014.  

 

Bowden, Heather L.M. Exploring Biological Models for Long-term Data Preservation. Chair, Spring Quarter, 2008.  

 

Casenada, Cassandra Y. Challenges to the Recruitment, Education, and Retention of Librarians of Color. Chair, 

Spring Quarter, 2008.  

 

Chang, Jennifer C. Legal Research Practice and Preference: A Law Firm Perspective. Chair, Spring Quarter 2011.  

 

Ellis, Megan S. Fitzgerald. Design of a Public Library Adult Volunteer Recruitment Program and Training 

Curriculum. Chair, Winter Quarter, 2003.  

  

Kircher, Kathy. Development of a Library Pathfinder for Exobiology and Posting it on the Internet. Chair, Winter 

Quarter, 2003.  

  

Melhado, Loretta. Design of St. John’s Episcopal Church Library. Chair, Spring Quarter, 2008.  

  

Radcliff, Kathy. Original Cataloging of Archival materials in the HERS Collection in Penrose Library. Chair, Winter 

Quarter, 2003.  

  

Sass, Carol Ann. ACT Periodical Index: Access to Catholic Thinking Periodical Index: Web Index to Select Catholic 

Periodicals. Spring Quarter 2000.  

  

Stone, Sergio D. Conducting Community Analysis for the Bemis Public Library (Littleton, Colorado) Using 2002 U.S. 

Census Data and the Online Outcome-Based Evaluation Toolkit. Chair, Winter Quarter, 2003.  

  

Tureson, Tamara. Design and Use of an Information Audit Tool for Use in a Law Library. Chair, Winter Quarter, 

2003.  

  

Tweed, Beth. Evaluation of Email Reference Service in a Consumer Health Library Environment. Chair, Winter 

Quarter, 2003.  
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GRANTS AND CONTRACTS  

  
Student Learning in Agriculture STEM through Teacher Professional Development. Research team: Stanton Gartin  

(PI) and Cyndi Hofmeister, Northeast Junior College; Jeff Cash, Cheryl Sánchez, Anne-Marie Crampton, Lamar  

Community College; Suzanna Spears, Morgan Community College; Jack Wiley, Kerry Gabrielson, Trinidad 

State Junior College; Michael J. Miller, Colorado State University; Michael Womochil (Co-PI), Casey Sacks, 

and Sylvia D. Hall-Ellis, Colorado Community College System. U.S. Department of Agriculture, Agriculture 

and Food Research Initiative, Food, Agriculture, Natural Resources and Human Sciences Education and Literacy 

Initiative, $404,460 (2017-2020)  

  

Leading and Achieving: the Colorado Agriculture Regional Consortium. Research team: Jack Wiley (PI), Kerry 

Gabrielson, Trinidad State Junior College; Jeff Cash (PI), Cheryl Sánchez, Anne-Marie Crampton, Lamar  

Community College; Suzanna Spears, Morgan Community College; Cyndi Hofmeister, Northeast Junior  

College; Michael Womochil (Co-PI), Casey Sacks, and Sylvia D. Hall-Ellis, Colorado Community College  

System. U.S. Department of Agriculture, Hispanic Serving Institutions Education Grants Program, $504,414 

(2017-2020)  

  

Cyber Prep Program Planning Grant. Research team: Debbie Sagen (PI), Brenda Lauer, Pikes Peak Community 

College; Gretchen Martin, Koiosa Insights; and, Sylvia D. Hall-Ellis, Colorado Community College System.  

U.S. Department of Commerce, Regional Alliances and Multi-stakeholder Partnerships to Stimulate (RAMPS) 

Cybersecurity Education and Workforce Development, $199,681 (2016-2018)  

  

Career and Technical Education in Colorado: Pathways to Education and Employment. Research team: Heather 

McKay (PI), Rutgers University; Sarah Heath, Casey Sacks, Sylvia D. Hall-Ellis, Colorado Community College 

System. U.S. Department of Education, Institute of Education Sciences, $1,400,000 (2017-2021)  

  

Pre-Alliance Planning Grant Colorado Community College Alliance. Research team: Victor Vialpondo (PI) and 

Janel Highfill, Community College of Aurora; Heidi Loshbaugh (Co-PI), Community College of Denver; Rick  

Reeves, Bill McGreevy, Liz Cox, and Kristin Aslin, Red Rocks Community College; Cathy Pellish, Front  

Range Community College; Samuel DeVries, Arapahoe Community College; Sylvia D. Hall-Ellis, Colorado 

Community College System. National Science Foundation, Louis Stokes Alliance for Minority Participation 

(LSAMP), $86,817 (2016-2017)  

  

Towards Scalable Differentiated Instruction Using Technology-enabled, Competency-based, Dynamic Scaffolding. 

Research team: Karen Wilcox (PI) and Vijay Kumar, Center for Computational Engineering, Massachusetts  

Institute of Technology; Flora McMartin, Broad-based Knowledge; Quinsigamond Community College; and,  

Casey Sacks, and Sylvia D. Hall-Ellis, Colorado Community College System. U.S. Department of Education, 

First in the World Developmental Grant, $2,891,882 (2015-2019)  

  

Colorado Strategic Partnerships Emergency Grant. Research team: Elise Lowe-Vaughn (PI), Amy Hodson, Celia 

Hardin, Barbara McBride, James Newby, Christopher Dewhurst, Nina Holland, Kate Anderson, MaryAnn Roe,  

Chrystalynn Chrystalynn, Elaine Edon, Mona Barnes, Tom Morgan, Rob Hanni, and Marie Valenzuela,  

Colorado Department of Labor and Employment; Steve Anton, Joelle Brouner, and, Katie Griego, Colorado  

Department of Human Services; Rebecca Holmes, Judith Martinez, and Jennifer Jirous, Colorado Department of  

Education; Emily Templin Lesh, Colorado Workforce Development Council; Cory Everett, Colorado  

Department of Regulatory Agencies; and, Casey Sacks and Sylvia D. Hall-Ellis, Colorado Community College 

System. U.S. Department of Labor, Strategic Partnerships Emergency Grant, $5,000,000 (2015-2017)  

  

CAEL Jump Start Program: Competency-Based Education. Research team: Jerry Migler (PI), Casey Sacks, Debra 

Cohn, Thomas Hartman, and Sylvia D. Hall-Ellis, Colorado Community College System; Matt Jamison,  

Front Range Community College; Mike Coste, Red Rocks Community College; Amanda Corum, Pueblo  

Community College; Janet Colvin, Pikes Peak Community College; and, MaryAnn Matheny, Community 

College of Denver. Council for Adult and Experiential Learning, $15,000 (2015)  
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 Summit on the Redesign of Developmental Education. Research team: Jerry Migler (PI), Casey Sacks, and Sylvia D.  

Hall-Ellis, Colorado Community College System; Chip Nava, Pueblo Community College; Kim Moultney,  

Arapahoe Community College; Debbie Ulibarri, Trinidad State Junior College; and, Kris Bernard, Front Range 

Community College. American Association of Community Colleges, $15,000 (2015-2016)  

  

Equity in Excellence at Colorado Community Colleges. Research team: Keith Howard (PI) and Sylvia D. Hall-Ellis,  

Colorado Community College System; Estela Mata Bensimon, Center for Urban Education, University of  

Southern California; and Kerry Gabrielson, Trinidad State Junior College. Colorado Department of Higher 

Education, Colorado Opportunity Scholarship Program, $150,000 (2015-2016)  

  

MBA High School of Business in Colorado. Research team: Laurie Urich (PI) and Sylvia D. Hall-Ellis, Colorado 

Community College System; Rudolph Sumpter and Beatrice Gerrish, Boulder Valley Schools; Keith Curry  

Lance, RSL Research Group. Colorado Department of Higher Education, Colorado Opportunity Scholarship 

Program, $501,295 (2015-2016)  

  

Fullbridge Program in Colorado. Research team: Keith Howard (PI) and Sylvia D. Hall-Ellis, Colorado Community  

College System; Suzanna Spears, Fort Morgan Community College; and, Cheryl Sánchez and Anne-Marie  

Compton, Lamar Community College. Colorado Department of Higher Education, Colorado Opportunity 

Scholarship Program, $300,000 (2015-2017)  

  

Colorado Community College System Alternative Credit Program. Research team: Jerry Migler (PI), Keith Howard, 

and Sylvia D. Hall-Ellis, Colorado Community College System. American Council on Education, $13,000 (2015)  

  

Internationalization in Higher Education. Researcher: Samuel D. Museus. Technical reviewer for MCE: Sylvia D. 

Hall-Ellis. University of Denver, Office of Internationalization, $8,000 (2014-2015)  

  

International Perspectives on Bilingual Education. Researcher: Sharolyn Pollard-Durodola. Technical reviewer for 

MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Internationalization, $3,700 (2014-2015)  

  

Cultivating Culturally Relevant and Responsive Curriculum and Pedagogy in College. Researcher: Samuel Museus. 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, iRise Grant, $5,000 (2014-2015)  

  

Project EMERGE (Educational Model for Evaluation and Replicability in Gifted Environments). Research team:  

Norma Hafenstein (PI) and Bruce Uhrmacher. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Lynde and 

Harry Bradley Foundation, $235,000 (2014-2015)  

  

Collecting Asian American Refugee Stories. Researcher: Samuel Museus. Technical reviewer for MCE: Sylvia D. 

Hall-Ellis. American Educational Research Association, Research Grant, $5,000 (2014-2015)  

  

Developing Expertise in Teaching K-5 Mathematics. Research team: Julie Sarama (PI) and Douglas H. Clements  

(Co-PI), in partnership with the School of Education at the University of Michigan. Technical reviewer for  

MCE: Sylvia D. Hall-Ellis. National Science Foundation, $130,344 (2013-2015)  

  

Investigation of the Long-Term Outcomes for Special Education Students. Researcher: Antonio Olmos-Gallos. 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. Jefferson County School District, Office of Assessment, 

$40,000 (2014)  

  

Refugee Community Collaboration. Researcher: Vicki Tomlin (PI) in partnership with the African Community 

Center and Jewish Family Service. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, 

Center for Community Engagement and Service Learning, $14,854 (2014-2015)  
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Access to Mathematics for All. Research team: Richard S. Kitchen (PI), Nicole M. Russell (Co-PI), and Terrence 

Blackman (Co-PI), Curriculum Studies and Teaching Program, Morgridge College of Education; Álvaro Árias  

(Co-PI, Department of Mathematics); and, James Gray (Co-PI), Department of Mathematics, Community  

College of Aurora. Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation, The Robert 

Noyce Scholarship Program, Capacity Building Project, $349,926 (2014-2016)  

  

Cognitive Test Battery for Intellectual Disabilities. Research team: Karen Riley (PI), Lyndsay Agans, Jessica  

Lerner, and Karin Dittrick-Nathan in partnership with David Hessl (PI), The MIND Institute at the University of 

California – Davis, and Elizabeth Berry-Kravis, Rush University Medical Center. Technical reviewer for MCE:  

Sylvia D. Hall-Ellis. National Institutes of Health, Outcome Measures for Use in Treatment Trials for  

Individuals with Intellectual and Developmental Disabilities (R01), $2,499,996 ($588,672 at DU) (2014- 2019)  

  

Broadening Participation in Engineering among Women and Latino/as: A Longitudinal, Multi-Site Study.  

Researcher: Patton Garriott (PI) in partnership with the University of North Dakota and the University of  

Missouri. Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation, HER Core Research, 

$677,390 ($69,992 at DU) (2014-2019)  

  

Designing a Teacher Evaluation System to Improve Teacher Effectiveness for Culturally and  

Linguistically Diverse Learners. Research team: María del Carmen Sálazar (PI), Jessica Lerner, and Kathy  

Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research 

Opportunities for Faculty, $29,988 (2014-2016)  

  

Developing a College-Going Culture in Latina/O Families: Exploring the Influence of Funds of  

Knowledge on Family Outreach Programs. Researcher: Judy Marquez Kiyama. Technical reviewer for 

MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research Opportunities for Faculty, $18,720 

(2014-2016)  

  

Assessment of Quality of Life in Neutral Implantation Surgery for the Treatment of Parkinson's Disease. Researcher: 

Cynthia McRae. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of 

Internationalization, $3,967 (2014-2015)  

  

Pura Vida: Cloud Forest, Curriculum and Cross-Cultural Study. Research team: Norma Hafenstein (PI) and Bruce 

Uhrmacher (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of 

Internationalization, $8,000 (2014-2015)  

  
Online Course Development for Curriculum and Instruction. Researcher: Ruth Chao. Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)  

  

Online Course Development for Curriculum and Instruction. Researcher: María del Carmen Sálazar. Technical 

reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)  

  

Online Course Development for Curriculum and Instruction. Researcher: Jessica Lerner. Technical reviewer for 

MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)  

  

Online Course Development for Curriculum and Instruction. Researcher: Duan Zhang. Technical reviewer for 

MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2014)  

  

The Mathematics Education of African Americans, 1866 – 1954. Researcher: Nicole M. Russell. Technical reviewer 

for MCE: Sylvia D. Hall-Ellis. National Academy of Education, Spencer Foundation Postdoctoral Fellowship, 

$55,000 (2014-2016)  
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Early Childhood Care and Education Study. Research team: Carrie Germeroth (PI), Melissa Mincic, and Douglas H. 

Clements. Technical reviewer for MCE: Sylvia D. Hall-Ellis. State of North Dakota, Department of Public 

Instruction, $73,500 (2013-2014)  

 

Graduate Level Specialty in Addiction Counselor Training with Emphasis on Integration of Native American 

Specific Content. Research team: Ruth Chao (PI) and Michael J. Faragher (Co-PI). Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. The Galena Foundation, $289,732 (2013-2016)  

The Collecting Asian American and Pacific Islander Refugee Stories (CARS) Project. Researcher: Samuel Museus. 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement 

and Service Learning, $15,000 (2014)  

  

Parents in Transition: A Multiple Case Study of Parent and Family Orientation Programs. Researcher: Judy 

Marquéz Kiyama. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty Research 

Fund, $1,500 (2014-2015)  

  

The Sistah Network: Black Women Graduate Students Supporting and Retaining Each Other. Researcher; Nicole M.  

Russell. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty Research Fund, 

$2,708 (2014-2015)  

  

Evaluation of the Northeast Denver Babies Ready for College Program. Research team: Carrie Germeroth (PI), 

Melissa Mincic, and Douglas H. Clements. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High 

Montessori, $9,922 (2013-2014)  

  

Developing Teaching Expertise in K-5 Mathematics. Research team: Julie Sarama (PI) and Douglas Clements 

(University of Denver), in partnership with Timothy Boerst (PI), Meghan Shaughnessy, Deborah Ball, Hyman 

Bass (School of Education at the University of Michigan). Technical reviewer for MCE: Sylvia D. Hall-Ellis. 

National Science Foundation, $449,827 ($130,344 at the University of Denver (2013-2015)  

  

Early Learning Care and Education Study Program Grant for the State of North Dakota. Research team: Carrie 

Germeroth (PI), Melissa Mincic, and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. State 

of North Dakota Department of Public Instruction, $73,500 (2013-2014)  

  

Local Professional Learning Community for School Leaders. Research team: Susan Korach (PI), Kristina Hesbol, 

and Rebecca McClure. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Education Development Center, 

$10,950 (2013)  

  

Healthy Eaters, Lifelong Movers 2: Implementing Evidence-Based School Environment, Policy, and Curricular 

Changes to Increase Opportunities for Healthy Eating and Physical Activity in Low Income, Rural Colorado.  

Research team: Elaine Berlansky, University of Colorado at Denver (PI), Nicholas Cutforth, University of  

Denver (Co-PI), and Allison Reeds. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Health 

Foundation, $3,103,108 (2013-2017)  

  

Hughes Rare Books Library Room Renovation in the Sturm College of Law. Project team: Patti H. Marks, Sylvia D. 

Hall-Ellis, and Leigh Elliott. Mabel T. Hughes Charitable Trust, $34,000 (2013-2014)  

 

The Promise Center Partnership with the Marsico Institute for Early Learning and Literacy and the City and 

County of Denver. Research team: Karen Riley (PI), Douglas H. Clements (Co-PI), and Sheridan Green. 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. The Piton Foundation, $223,468 (2013-2014)  

 

Center of Excellence for Problem Gambling. Research team: Ruth Chao (PI) and J. Mike Faragher. Technical 

reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $68,021 (2012-2013)  
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United Way Implementation and Validation Review. Research team: Douglas H. Clements (PI), Amanda Moreno, 

and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High United Way, $19,737 (2013)  

  

Math/Science Partnership in Rural Districts. Research team: Kristen Bunn (PI, Eagle County Schools), Paul 

Michalec (Co-PI), and Alegra Reiber. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department 

of Education, Colorado’s Mathematics and Science Partnership Program, $750,000 (2013-2014)  

 

Mathematics and Science Education of African Americans. Research team: Nicole Russell (PI), Sylvia D. Hall-Ellis,  

Steve Fisher (Penrose Library). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, 

Professional Research Opportunities for Faculty, $29,994 (2013-2015)  

Online Course Development for Curriculum and Instruction. Researcher: Nicole Russell. Technical reviewer for 

MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching and Learning, $3,000 (2013)  

  

Discourse and Opportunity: Undocumented Students and Higher Education Policy. Researcher: Ryan Gildersleeve.  

Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Academy of Education, Spencer Foundation 

Postdoctoral Fellowship, $55,000 (2012-2014)  

  

An Anthropological Study of the Latino Graduation Ceremony. Researcher: Ryan Gildersleeve. Technical reviewer 

for MCE: Sylvia D. Hall-Ellis. Spencer Foundation, $39,900 (2012-2013)  

  

Fragile-X and Pharmaceutical Company: Clinical Trial of AFQ056. University of California – Davis Children’s 

Hospital MIND Institute (Sacramento), Children’s Hospital Denver, and Rush Children’s Hospital at Rush 

University Medical Center (Chicago). Karen Riley, PI. Technical reviewer for MCE: Sylvia D. Hall-Ellis. 

Novartis Pharmaceuticals Corporation, $394,206 (2012-2014)  

  

Project Engage, Phase 2, a DAPRA Grant in partnership with Total Immersion Systems, Inc., and Texas A&M 

University. Research team: Karen Riley (PI) and Lyndsay Agans (Co-PI). Technical reviewer for MCE: Sylvia 

D. Hall-Ellis. U.S. Department of Defense, $60,000 (2011-2013)  

  

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE:  

Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service Learning, $14,951 

(2012-2013)  

  

Online Course Development for Curriculum and Instruction. Research team: Bruce Uhrmacher (PI) and Norma 

Hafenstein (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of Teaching 

and Learning, $18,193 (2012-2014)  

  

Writers in the Schools. Research team: Karen Riley (PI) and Amanda Moreno (Co-PI).Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. Colorado Humanities, $4,965 (2012-2013)  

  

Learning Ecosystem Validation Grant. Research team: Karen Riley (PI), Lyndsay Agans, Kent Seidel, and Shimelis 

Assefa. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Bill & Melinda Gates Foundation, $315,000 (2012- 

2013)  

  

Project Words of Oral Reading and Language Development (WORLD). Research team: Jorge E. Gonzalez (PI), 

Texas A&M University; Laura Saenz (Co-PI), University of Texas – Pan American; and, Sharolyn Pollard- 

Durodola (Co-PI), University of Denver. Technical reviewer for MCE: Sylvia D. Hall-Ellis. U.S. Department of 

Education, Institute of Education Sciences, $53,354 (2012-2015); award $640,718, transfer from Texas A&M 

University  
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Increasing the Efficacy of an Early Mathematics Curriculum with Scaffolding Designed to Promote Self-Regulation. 

Research team: Douglas H. Clements (PI) and Julie Sarama (Co-PI). Technical reviewer for MCE: Sylvia D.  

Hall-Ellis. U.S. Department of Education, Institute of Education Sciences, $1,445,315 (2008-2014); award  

$4,541,975, transfer from University at Buffalo, The State University of New York  

  
 Using Rule Space and Poset-based Adaptive Testing Methodologies to Identify Ability Patterns in Early  

Mathematics and Create a Comprehensive Mathematics Ability Test. Research team: Douglas H. Clements (PI) 

and Julie Sarama (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation, 

$323,791 (2010-2014); award $1,194,944, transfer from University at Buffalo, The State University of New 

York  

 

Comprehensive Postdoctoral Training in Scientific Education Research. Researcher: Julie Sarama (PI). Technical 

reviewer for MCE: Sylvia D. Hall-Ellis. U.S. Department of Education, Institute of Education Sciences, 

$133,458 (2010-2014); award $613,353, transfer from University at Buffalo, The State University of New York  

Longitudinal Study of a Successful Scaling Up Project: Extending TRIAD. Research team: Douglas H. Clements  

(PI), Julie Sarama (Co-PI), and Abt Associates (Carolyn Layzer, Fatih Unlu, Laurie Bozzi, Lily Fesler, Alina  

Martinez, Cristofer Price, James van Orden). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Institute of  

Education Sciences, $384,940 (2011-2015; award $1,250,286, transfer from University at Buffalo, The State 

University of New York  

  

Early Childhood Education in the Context of Mathematics, Science, and Literacy. Research team: Julie Sarama (PI), 

Douglas H. Clements (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. National Science Foundation,  

$990,020 (2010-2014; award $2,285,228, transfer from University at Buffalo, The State University of New York  

  

Early Childhood Clearinghouse Information Center Redesign. Research team: Karen Riley (PI) and Amanda 

Moreno (Co-PI).Technical reviewer for MCE: Sylvia D. Hall-Ellis. Office of the Lt. Governor of Colorado, 

$12,000 (2012-2013)  

  

Morgridge Rural Educational Leadership Initiative. Research team: Lyndsay Agans (PI), Linda Brookhart (Co-PI), 

Susan Korach, and Rebecca McClure. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Morgridge Family 

Foundation, $100,000 (2012-2014)  

  

Center of Excellence for Problem Gambling. Research team: Patrick Sherry (PI) and J. Mike Faragher. Technical 

reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $55,000 (2012-2013)  

  

Intermodal Transportation Institute Research Initiatives. Researcher: Patrick Sherry. Technical reviewer for MCE:  

Sylvia D. Hall-Ellis. University Transportation Centers Program, Research and Innovative Technology 

Administration, U.S. Department of Transportation. $600,000 (2012-2014)  

  

Mile High United Way Social Innovation Fund Early Literacy Initiative. Gloria L. Miller, PI, Amanda Moreano, 

Kim Hartnett-Edwards, and Sheridan Green. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Mile High 

United Way, $89,992 (2012-2013)  

  

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service Learning, $1,000 

(2012-2013)  

 Refugee Student Art Outreach. Researcher: Karin Dittrick-Nathan. Technical reviewer for MCE: Sylvia D. Hall- 

Ellis. University of Denver, Faculty Research Fund, $3,000 (2012-2013)  

  

Resistance, Resilience, and Reciprocity: Centering the Voices of Black Doctoral Women with Faculty Aspirations. 

Researcher: Nicole M. Russell. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Faculty 

Research Fund, $2,965 (2012-2013)  
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 Assessing Learning through Student Notebooks. Research team: Keith Miller, Nancy Sasaki, and Kathy Green. 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Professional Research Opportunities 

for Faculty, $30,000 (2012-2014)  

  

International School Psychology Practicum Exchange. Researcher: Gloria L. Miller. Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. University of Denver, Office of Internationalization, $2,000 (2012-2013)  

  

ELO in Colorado. Research team: Cynthia Hazel and Duan Zhang. Technical reviewer for MCE: Sylvia D. Hall-  

Ellis. Colorado Legacy Foundation, $150,000 (2012-2013)  

 

Creating Online LIS Courses. Research team: Mary C. Stansbury (PI), Shimelis Assefa, Denise Anthony, Xiao Hu, 

and Krystyna Matusiak. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for 

Teaching and Learning, $15,000 (2011-2013)  

Maritime Piracy Seminar. Researcher: Ved Nanda, The Nanda Center, Sturm College of Law. Technical reviewer 

for Sturm College of Law: Sylvia D. Hall-Ellis. Arsenault Family Foundation, $15,000 (2012-2013).  

  

Early Childhood Librarianship: An Interdisciplinary, Experiential Learning MLIS. Researcher: Mary C. Stansbury 

(PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Laura Bush’s 21st Century Librarians Program, Institute 

for Museums and Library Services, $249,066 (2012-2014)  

  

Learning Ecosystem Planning Grant. Research team: Karen Riley (PI), Lyndsay Agans, Kent Seidel, and Shimelis  

Assefa. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Bill & Melinda Gates Foundation, $281,217 (2011- 

2012)  

  

Advanced Service Learning Practitioner Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for 

Community Engagement and Service Learning, $400 (2011)  

  

Evaluating and Enhancing the EspeciallyMe Program. Research team: Lori D. Patton and Nicole Russell. Technical 

reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement and Service 

Learning, Public Good Fellowship Grant, $24,780 (2012)  

  

Choosing Excellence: Let Every Child Bloom. Research team: Shimelis Assefa (PI) and Mary C. Stansbury (Co-PI). 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Community Engagement 

and Service Learning, Public Good Grant, $7,657 (2012)  

  

K-8 STEM Content Specific Professional Development to Improve Elementary Student Achievement. Research team: 

Kent Seidel (PI), Nicole Russell (Co-PI), Kimberly Hartnett-Edwards, Paul Michalec, Jeff Farmer, Keith Miller,  

Alegra Reiber, and Nancy Sasaki. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of 

Education, Improving Teacher Quality Grant, (Title II ESEA), $307,299 (2011-2012)  

  

Building a Better Principal Pipeline to Boost Student Achievement. Researcher: Susan Korach. Technical reviewer 

for MCE: Sylvia D. Hall-Ellis. Denver Public Schools; a subcontract from the Wallace Foundation Grant, 

$170,000 (2011-2017)  

  

Center of Excellence for Problem Gambling. Research team: J. Mike Faragher (Co-PI) and Bobbie Vollmer (PI). 

Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Department of Behavioral Health, $79,999 (2011- 

2012)  

  

An Exploration of Novice Teachers' Core Competencies: Impacts on Student Achievement, and Effectiveness of 

Preparation. Research team: Kent Seidel (PI), Kathy Green (Co-PI), Kimberly Hartnett-Edwards, and Duan 

Zhang. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Institute of Education Sciences, Effective Teachers 

and Effective Teaching, $990,987 (2012-2015)  
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 Project Engage, a DAPRA Grant in partnership with Total Immersion Systems, Inc., and Texas A&M University.  

Research team: Karen Riley (PI) and Lyndsay Agans (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. 

U.S. Department of Defense, $49,964 (2011-2014)  

  

User-centered Evaluation of Music Search Engines. Researcher: Xiao Hu. Technical reviewer for MCE: Sylvia D. 

Hall-Ellis. University of Denver, Faculty Research Fund, $2,931 (2011-2012)  

  

Educational Practicum in Vietnam and China to Promote the Inclusion of Young Children with Disabilities.  

Researcher: Gloria L. Miller. Technical reviewer for MCE: Sylvia D. Hall-Ellis. University of Denver, Office of 

Internationalization, $5,000 (2011-2012)  

Evaluation of Colorado’s Enhancing Quality in Infant-Toddler (EQIT) Initiative. Research team: Virginia R. 

Maloney and Amanda Moreno. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Buell Foundation, $395,884 

(2011-2013)  

Creating Engaging Environments to Teach Pre-Algebra Mathematics to Elementary Students. Research team: 

Álvaro Arias, Mario López, María del Carmen Salazar, and Lyndsay Agans. Technical reviewer for MCE: 

Sylvia D. Hall-Ellis. University of Denver Interdisciplinary Grant, $60,000 (2011-2012)  

  

Morgridge Education Technology Accessible (META) Resource Project. Research team: Lyndsay Agans (PI) and 

Shimelis Assefa (Co-PI). Technical reviewer for MCE: Sylvia D. Hall-Ellis. Morgridge Family Foundation, 

$36,000 (2011)  

  

MCE Connect: A 21st Century Framework for Faculty Development. Research team: Bruce Uhrmacher (PI), 

Shimelis Assefa (Co-PI), Lyndsay Agans (Co-PI), Kimberly Hartnett-Edwards, Norma Hafenstein, Xiao Hu, 

Paul Michalec (Co-PI), María del Carmen Salazar (Co-PI), and Sandra Snyder-Mondragon. Technical reviewer 

for MCE: Sylvia D. Hall-Ellis. University of Denver, Center for Teaching and Learning, $22,355 (2011-2012)  

  

Parent Education and Parent Leadership and Advocacy. Research team: Virginia Maloney (PI) and Amanda 

Moreno, Marsico Institute for Early Learning and Literacy. Technical reviewer for MCE: Sylvia D. Hall-Ellis. 

Colorado Health Foundation, $27,358 (2010-2011)  

  

Intentional School Culture. Researcher: Cynthia Hazel. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Denver 

Public Schools, $38,040 (2010-2011)  

  

Healthy Eaters, Lifelong Movers: Implementing Evidence-Based School Environment, Policy, and Curricular 

Changes to Increase Opportunities for Healthy Eating and Physical Activity in Low Income, Rural Colorado.  

Research team: Elaine Berlansky, University of Colorado at Denver (PI), Nicholas Cutforth, University of  

Denver (Co-PI), and Allison Reeds. Technical reviewer for MCE: Sylvia D. Hall-Ellis. Colorado Health 

Foundation, $1,683,277 (2011-2014)  

  

Second Life Learning Community. Research team: Don McCubbrey (PI), Sylvia D. Hall-Ellis (Co-PI), Walter 

LaMendola, and Paul Novak. University of Denver, Center for Teaching and Learning, $13,000 (2010-2011)  

  

Reintroducing the Value of Law Librarians to Academic and Public Librarians in Colorado through the 

Identification and Use of Emerging Technologies. Research team: Sylvia D. Hall-Ellis (Co-PI), Stacey L. 

Bowers (PI), and Christopher Hudson, in partnership with Denver Public Library, Arapahoe Library District, and 

the Colorado State Supreme Court Library. University of Denver, Center for Community Engagement and 

Service Learning, $5,773 (2010-11)  

  

Reintroducing the Value of Law Librarians to Public Librarians through the Identification and Use of Emerging  

Technologies and Resources. Research team: Stacey Bowers (PI) and Sylvia D. Hall-Ellis (Co-PI). American 

Association of Libraries, Wolters Kluwer Law & Business Grant Program, $2,725 (2010-2011)  
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Faculty Service Learning Pod. Research team: María del Carmen Salazar and Nicholas Cutforth (Curriculum and 

Instruction Program), Frank Tuitt (Higher Education Program), Cynthia Hazel and Gloria Miller (Child, Family, 

and School Psychology Program), and Sylvia D. Hall-Ellis (Library and Information Science Program). 

University of Denver, Center for Community Engagement and Service Learning, $8,000 (2010-2011)  

  

Lincoln Collaborative. Research team: Antonio Esquibel (Principal, Lincoln High School), María del Carmen 

Salazar (Curriculum and Instruction Program), and. Sylvia D. Hall-Ellis. School Improvement Grant, Denver 

Public Schools, $375,000 (2010-2012)  

  

Future LEADers of America: Leaders III. Research team: Denver Public Library (Kristen Svendson, PI), the 

University of Denver (Sylvia D. Hall-Ellis), the Colorado Chapter of REFORMA (Orlando Archibeque), and the  

Colorado Association of Libraries (Martin Garnar). Laura Bush’s Recruiting Librarians for the 21st Century  

Program, Institute for Museums and Library Services, $988,366 (2009-2012)  

  

Teaching for Success in the Library Environment: LIS 4030 in Library 2.0. Research team: Deborah S. Grealy (PI) 

and Sylvia D. Hall-Ellis (Co-PI). University of Denver, Center for Teaching and Learning, $ 9,350 (2009-10)  

  

Writing Group Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for Community Engagement and 

Service Learning, $750 (2008-2009)  

  

Collaborative Learning Faculty Grant, Sylvia D. Hall-Ellis, University of Denver, Center for Teaching and 

Learning, $1,500 (2008)  

  

Connecting Information Literacy to Learning. Research team: Lori Micho, Merrie Valliant, Amanda Samland, and 

Sylvia D. Hall-Ellis. Colorado State Library, LSTA Discretionary Grant Program, $19,548 (2008-2009)  

  

Law Librarianship Fellows Program. Research team: Sylvia D. Hall-Ellis (PI), Stacey Bowers (Co-PI), and 

Christopher Hudson, Westminster Law Library. Laura Bush’s 21st Century Librarians Program, Institute for 

Museums and Library Services, $999,370 (2008-2012)  

  

Grant Writing in a Cooperative Learning Environment. Sylvia D. Hall-Ellis. University of Denver, Center for 

Teaching and Learning, $2,000 (2008-2009)  

  

Project Homeless Connect 6 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of 

Denver Center for Community Engagement and Service Learning, $9,785 (2008)  

  

Project Ecuador: International Learning Service Libraries – A Faculty Development Experience in Ecuador. Sylvia 

D. Hall-Ellis, Office of Internationalization, University of Denver, $600 (2007)  

  

Project Ecuador: International Learning Service Libraries – A Faculty Development Experience in Ecuador. Sylvia 

D. Hall-Ellis, International Service Learning Office, University of Denver, $400 (2007)  

  

Project Homeless Connect 5 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of 

Denver Center for Community Engagement and Service Learning, $1,000 (2007)  

  

Project Homeless Connect 4 Event Evaluation. Research team: Sylvia D. Hall-Ellis and Duan Zhang. University of 

Denver Center for Community Engagement and Service Learning, $4,595 (2007)  

  

Future LEADers of America: Leaders II. Research team: Denver Public Library (Kristen Svendson, PI), the 

University of Denver (Sylvia D. Hall-Ellis), and the Colorado Chapter of REFORMA (Orlando Archibeque).  

Laura Bush’s Recruiting Librarians for the 21st Century Program, Institute for Museums and Library Services, 

$988,518 (2007-2010)  

  

Samsung Exhibit 1012, Page 331 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



  

Sylvia D. Hall-Ellis, Ph.D.  

Page 41 of 52  

 

 

Strategic Planning Assistance for the Denver Medical Library. Sylvia D. Hall-Ellis. Denver Medical Library, Inc., 

$30,000 (2006-2007)  

  

Destiny Software for JMAC Student Lab. Sylvia D. Hall-Ellis, gift from the Sagebrush Corporation, Minneapolis, 

Minnesota, $10,000 (2006)  

  

Libraries: Tools for Education and Development Worldwide: A Faculty Development Experience in France. Sylvia 

D. Hall-Ellis, Office of Internationalization, University of Denver, $800 (2005)  

  

Denver Public Library: Opportunities for Change. Sylvia D. Hall-Ellis, Colorado Community Based Research 

Network, $2,000 (2005)  

  

Future LEADers of America. Research team: Denver Public Library (Letty Icolari and Steve Taylor, PIs), Emporia  

State University (Jim Agee), and the University of Denver (Sylvia D. Hall-Ellis). Recruiting Librarians for the  

21st Century Program, Institute for Museums and Library Services, $670,315 (2005-2008)  

 

American Association of University Professors Summer Institute Professional Development Grant. Sylvia D. Hall- 

Ellis, American Association of University Professors, $300 (2005)  

  

Beta Phi Mu Alumni Tea. Sylvia D. Hall-Ellis, gift from the Office of Alumni and Parent and Relations, University 

of Denver, $2,000 (2005)  

  

Spectrum Software for LIS Student Lab. Sylvia D. Hall-Ellis, gift from the Sagebrush Corporation, Minneapolis, 

Minnesota, $5,000 (2005)  

  

Developing Research Capacity in Community Organizations and Residents through Training and Technical 

Assistance. Nicholas J. Cutforth (PI) and Sylvia D. Hall-Ellis. Piton Foundation, $25,000 (2005-2006)  

  

Libraries: Tools for Education and Development Worldwide: A Faculty Development Experience in Argentina. 

Sylvia D. Hall-Ellis, Office of Internationalization, University of Denver, $500 (2004)  

  

Developing Research Capacity in Community Organizations and Residents through Training and Technical 

Assistance. Research team: Nicholas J. Cutforth (PI), Gary Lichtenstein and Sylvia D. Hall-Ellis, Piton 

Foundation, $25,000 (2003-2004)  

  

Increasing Spanish-Speaking and Hispanic Diversity among Library and Information Science Students at the 

University of Denver: Development of a Student Recruitment Model. Researcher: Sylvia D. Hall-Ellis (PI), 

Office of Multicultural Excellence, University of Denver, $2,750 (2003-2004)  

  

Collection Development Enrichment to Support the Cataloging & Classification Specialization and School 

Librarianship within the Library & Information Science Program at the University of Denver. Research team: 

Sylvia D. Hall-Ellis (PI) and Deborah S. Grealy. Women’s Library Association, University of Denver, $4,000 

(2003)  

  

Collection Development Enrichment to Support the Library & Information Science Program at the University of  

Denver. Research team: Deborah S. Grealy (PI) and Sylvia D. Hall-Ellis. Women’s Library Association, 

University of Denver, $4,000 (2001)  

  

Wireless LAN for Library Education. Research team: Deborah S. Grealy (PI) and Sylvia Hall-Ellis. University of 

Denver, Center for Teaching and Learning, $24,000 (2001-2002)  
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Upward Bound – A Program for South Texas Youth. Research team: Monte Churchill, Executive Director of 

Community Relations; Gary R. Sauceda, Outreach Coordinator; Raymond Hernandez, (PI) Associate Dean for 

Student Success; and Sylvia D. Hall-Ellis, South Texas Community College (McAllen, Texas). U.S. Department 

of Education, Office of Postsecondary Education, $2,672,003 (1999-2003)  

  

Write Now! Improving Elementary Students' Writing Skills. Research team: Caryl G. Thomason, Assistant 

Superintendent (PI); Karen Tankersley, Principal; and, Hal Anderson, Director of Technology, Cheyenne  

Mountain School District 12 (Colorado Springs, Colorado); and Sylvia D. Hall-Ellis. Colorado Department of 

Education, Educational Telecommunications Unit, $189,453 (1999-2001)  

  

Operation Quick Start -- Distance Learning in Rural Colorado. Research team: Randal Weigum, Technology 

Coordinator (PI); Bonnie Barns, Director of Federal Programs and Staff Development; and, Adam "Joe" Raskop, 

Executive Director, Southeastern Board of Cooperative Educational Services (Lamar, Colorado); and Sylvia D. 

Hall-Ellis. Colorado Department of Education, Educational Telecommunications Unit, $400,000 (1999-2001)  

  

Advanced Technological Training for Information Professionals for the 21st Century. Research team: Mario Reyna, 

Division of Business Director (PI) and Sylvia D. Hall-Ellis, South Texas Community College (McAllen, Texas). 

Phi Delta Kappa and the National Science Foundation, $250,000 (1999-2001)  

  

Working Connections – Training Information Technologies Professionals for the 21st Century. Research team:  

         Mario Reyna, Division of Business Director (PI) and Sylvia D. Hall-Ellis, South Texas Community College 

(McAllen, Texas). Microsoft Corporation and the American Association of Community Colleges, 

$1,147,775(1999-2001)  

  

The ROAD (Research Oriented Amplification of Development to Literacy) Program. Research team: Deborah J.  

Leong (PI), Metropolitan State University; Elena Bodrova, Metropolitan State University; Dmitri Semenov,  

Robert J. Marzano, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora, 

Colorado). Hewlett-Packard Foundation, $25,000 (1998-1999)  

  

Press to Literacy. Research team: Deborah J. Leong (PI), Metropolitan State University; Elena Bodrova, 

Metropolitan State University; Dmitri Semenov, Robert J. Marzano, and Sylvia D. Hall-Ellis, Mid-continent  

Regional Educational Laboratory (Aurora, Colorado). The Denver Post and the Robert S. McCormick 

Foundation, $49,818 (1998-1999)  

  

International Telementor Center. Research team: David Neils, David B. Frost (PI), and Sylvia D. Hall-Ellis, Mid- 

continent Regional Educational Laboratory (Aurora, Colorado). Hewlett-Packard Philanthropy, $100,000 (1998- 

1999)  

  

America Reads: Providing Tutor Training for the America Reads Challenge. Research team: Louis F. Cicchinelli 

(PI) and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). U.S.  

Department of Education, Office of Educational Research and Improvement, $306,000 (1998-1999)  

Comprehensive School Reform. Research team: Louis F. Cicchinelli (PI), J. Timothy Waters, and Sylvia D. Hall-  

Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). U.S. Department of Education, Office 

of Educational Research and Improvement, $285,000 (1998-1999)  

  

Sustainable Energy Education (SEE) Program for Grades 4-8: Preparing Today’s Youth for Lifelong Learning and  

Responsible Actions in Energy Conservation. Research team: Mary Gromko, Colorado Department of  

Education; Gene McCarthy, Rocky Flats Field Office, U.S. Department of Energy; Gina Kissell, National 

Renewable Energy Laboratory; and Barbara L. McCombs (PI), Janet L. Bishop, and Sylvia D. Hall-Ellis, Mid- 

continent Regional Educational Laboratory (Aurora, Colorado). State of Colorado Governor’s Office for Energy 

Conservation, $499,936 (1997-1999)  
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Review of Kansas Curriculum Standards in Mathematics and Language Arts. Research team: Robert J. Marzano  

(PI), John S. Kendall, David B. Frost, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory 

(Aurora, Colorado). Submitted to the Kansas State Department of Education, $25,903 (1998)  

  

International Telementor Center. Research team: David Neils, John Kuglin, Chris Rapp, David B. Frost (PI), and 

Sylvia D. Hall-Ellis, Mid-continent Regional Educational Laboratory (Aurora, Colorado). Hewlett-Packard  

Company, $54,752 (1998)  

  
Genesis Mission: Education Public Outreach. Developed in partnership by the Jet Propulsion Laboratory, California       

Institute of Technology, Los Alamos National Laboratory, Lockheed Martin Astronautics, and the Mid-

continent Regional Educational Laboratory (Aurora, Colorado). Research team: John T. Sutton (PI), Alice 

Krueger, Martha Henry, Greg Rawls, Shae Isaacs, Jeff Johnson, Deb Jordan, Arlene Mitchell, David B. Frost, 

Jana Caldwell, J. Timothy Waters, and Sylvia D. Hall-Ellis. National Aeronautics and Space Administration, 

$139,700,000; subcontract award, $4,750,000 (1997-2007)  

  

North Dakota Mathematics Assessment Project. Developed in partnership by the North Dakota Department of 

Education and Mid-continent Regional Educational Laboratory (Mid-continent Regional Educational  

Laboratory). Research team: Ann Clapper, Clarence Bina, Greg Gallagher, North Dakota Department of  

Education; Don Burger (PI), Hillary Michaels, and Sylvia D. Hall-Ellis, Mid-continent Regional Educational 

Laboratory (Aurora, Colorado). U.S. Office of Education, $1,618,214; subcontract award, $389,076 (1997-  

2001)  

  

Pacific Resources for Education and Learning Distance Education: Project Evaluation. Developed in partnership 

by the Pacific Educational Community, the Pacific Resources for Education and Learning (PREL), and Mid- 

continent Regional Educational Laboratory (McREL). Research team: John W. Kofel (PI), Executive Director, 

PREL; J. Timothy Waters, Executive Director; Joan Buttram, Robert Keller, and Sylvia D. Hall-Ellis, Mid- 

continent Regional Educational Laboratory (Aurora, Colorado). U.S. Office of Education, Star Schools Program, 

$10,000,000; subcontract award, $500,000 (1997-2002)  

  

Identification of Bilingual Gifted and Talented Children: A Comprehensive School Grants for Bilingual Education. 

Developed in partnership by Hidalgo (Texas) ISD, Los Fresnos (Texas) CISD, Progreso (Texas) ISD, University 

of Texas – Pan American (Edinburg, Texas), and Education Service Center, Region One (Edinburg, Texas).  

Research team: Hilda Medrano, Dean, College of Education, University of Texas – Pan American; Linda 

Phemister (PI), Janie Navarro, and Sylvia D. Hall-Ellis, Education Service Center, Region One. U.S. Department 

of Education, Office of Bilingual Education and Minority Languages Affairs, $1,670,633 (1997-2002)  

  

Academics 2000: First Things First -- The Texas Goals 2000. Developed for Jim Hogg (Hebbronville, Texas) 

County ISD, Mirando City (Texas) ISD, and San Isidro (Texas) ISD. Research team: Hilda Medrano, Dean,  

College of Education, University of Texas - Pan American (Edinburg, Texas); Angie Lehmann, Amy Mares,  

Ellen Gonzalez (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg, Texas). Texas 

Education Agency, $339,987 (1997-2000)  

 

 Southwestern Bell’s Learning Communities Initiative. Developed for Tech Prep of the Rio Grande Valley, Inc. 

(Harlingen, Texas); the Center for Professional Teacher Development, University of Texas – Brownsville; 

Teach for America – Rio Grande Valley (McAllen, Texas); and Education Service Center, Region One 

(Edinburg, Texas). Research team: Patricia G. Bubb, Executive Director (PI), Tech Prep of the Rio Grande 

Valley; Martin Winchester, Executive Director, Teach for America – Rio Grande Valley; Aileen Johnson, 

Director, School of Education, University of Texas – Brownsville; and Sylvia D. Hall-Ellis. Southwestern Bell 

Foundation, $100,000 (1997-1998)  
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Texas School to Work: Regional Implementation. Developed for Tech Prep of the Rio Grande Valley, Inc.  

(Harlingen), South Texas Community College (McAllen), Texas State Technical College (Harlingen), Texas 

Southmost College (Brownsville), Empowerment Zone of the Rio Grande Valley (Mercedes), Project VIDA 

(Weslaco), Youth Fair Chance (McAllen), and Education Service Center, Region One (Edinburg). Research 

team: Patricia G. Bubb (PI), Tech Prep of the Rio Grande Valley; Stephen Vassberg, Texas State Technical 

College; Ellen Trevino, Youth Fair Chance; Wanda Garza, Project VIDA; Leonardo Olivares, University of 

Texas – Pan American; Michael Bell, South Texas Community College; and Sylvia D. Hall-Ellis. Texas 

Workforce Commission, $4,250,000 (1997-2002).  

  
Comprehensive Bilingual Education Grant for Hidalgo ISD and Roma ISD. Developed for Hidalgo (Texas) ISD, 

Roma (Texas) ISD, College of Education, University of Texas – Pan American (Edinburg, Texas), and 

Education Service Center, Region One (Edinburg, Texas). Research team: Tomas Thomas (PI), Director, Office 

of Bilingual Education and Sylvia D. Hall-Ellis. U.S. Department of Education, Office of Bilingual Education 

and Minority Languages Affairs, $1,531,361 (1997-2002)  

  

Lopez High School, Porter High School, Rivera High School, Central Middle School, and Perkins Middle School,  

Brownsville (Texas) Independent School District. Telecommunications Infrastructure Fund Board, $1,473,611 

(1997-1998)  

  

Donna High School, Todd Middle School, and Solis Middle School, Donna (Texas) Independent School District. 

Telecommunications Infrastructure Fund Board, $704,052 (1997-1998)  

  

Memorial Middle School and Nellie Schunior Middle School, La Joya Independent School District (Texas). 

Telecommunications Infrastructure Fund Board, $293,641 (1997-1998)  

  

Martin High School, Christen Middle School, Cigarroa Middle School, Lamar Middle School, Laredo (Texas) 

Independent School District. Telecommunications Infrastructure Fund Board, $1,200,000 (1997-1998).  

  

Lasara Middle School, Lasara (Texas) Independent School District. Telecommunications Infrastructure Fund Board, 

$246,210 (1997-1998)  

  

Los Fresnos High School and Resaca Middle School, Los Fresnos (Texas) Consolidated Independent School 

District. Telecommunications Infrastructure Fund Board, $500,000 (1997-1998)  

  

Lyford Junior High School, Lyford (Texas) Independent School District. Telecommunications Infrastructure Fund 

Board, $354,997 (1997-1998)  

  

Travis Middle School, McAllen (Texas) Independent School District. Telecommunications Infrastructure Fund 

Board, $269,139 (1997-1998)  

  

Mission High School, Mission (Texas) Independent School District. Telecommunications Infrastructure Fund 

Board, $297,010 (1997-1998)  

  

Progreso High School, Progreso (Texas) Independent School District. Telecommunications Infrastructure Fund 

Board, $300,000 (1997-1998)  

  

San Perlita High School, San Perlita (Texas) Independent School District. Telecommunications Infrastructure Fund 

Board, $293,490 (1997-1998)  

  

Myra Green Junior High School, Raymondville (Texas) Independent School District. Telecommunications 

Infrastructure Fund Board, $225,000 (1997-1998)  
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Rio Grande City High School, Ringgold Middle School, Gruella Middle School, Rio Grande City (Texas) 

Independent School District. Telecommunications Infrastructure Fund Board, $809,934 (1997-1998)  

  

Rio Hondo Junior High School, Rio Hondo (Texas) Independent School District. Telecommunications Infrastructure 

Fund Board, $297,024 (1997-1998)  

  

Roma High School, Roma (Texas) Independent School District. Telecommunications Infrastructure Fund Board, 

$333,178 (1997-1998)  

  

San Benito High School, Miller Jordan Junior High School, San Benito (Texas) Consolidated Independent School 

District. Telecommunications Infrastructure Fund Board, $547,000 (1997-1998)  

  

Santa Maria High School and Santa Maria Middle School, Santa Maria (Texas) Independent School District. 

Telecommunications Infrastructure Fund Board, $400,000 (1997-1998)  

  

Salvador High School, United Independent School District (Laredo, Texas). Telecommunications Infrastructure 

Fund Board, $250,879 (1997-1998)  

  

Weslaco High School, Cabaza Middle School, Cuellar Middle School, Weslaco (Texas) Independent School 

District. Telecommunications Infrastructure Fund Board, $874,242 (1997-1998)  

  

Principals’ Assessment and Training Center. Developed for Education Service Center, Region One (Edinburg, 

Texas). Research team: Roberto Zamora, Leonel Barrera, William H. Parry, and Sylvia D. Hall-Ellis. Texas  

Principals’ Leadership Initiative, Texas Association of Secondary School Principals, Texas Association of 

Elementary School Principals, and the Sid Richardson Foundation. $461,439 (1996-1998)  

  

The Texas Library Connection -- Integrating and Sharing Resources. Developed for Hidalgo County Library System  

(McAllen), Cameron County Library System (Brownsville), South Texas Community College (McAllen), the 

University of Texas - Pan American (Edinburg), University of Texas – Brownsville, and Education Service  

Center, Region One (Edinburg). Research team: William R. McGee, Coordinator, Hidalgo County Library  

System; Joe Garcia, Director, Cameron County Library System; Michael D. Bell, Library Director, South Texas  

Community College; Eleanor Folger Foster, University Library, University of Texas - Pan American; Jaime Vela  

(PI), Director of Instructional Technology and Media Services, Ron Pontius, Instructional Technology, and  

Fabiola Fuentes, Media Services, Education Service Center, Region One; and Sylvia D. Hall-Ellis. Office of 

Library Media Services, Technology Services, Texas Education Agency. $8,000 (1996-1997)  

  

Developing Leadership Communities for Improving Algebra I for All Students. Developed for a partnership of the 

Region One Statewide Systemic Initiative Team. Research team: Noel Villarreal (PI), Eduardo Cancino, and  

Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Statewide Systemic Initiative for  

Reform in Mathematics, Science and Technology Education to The Charles A. Dana Center for Mathematics and 

Science Education, The University of Texas at Austin. $25,000 (1996-1997)  

  

Academics 2000: First Things First -- The Texas Goals 2000. Developed for Edinburg (Texas) CISD. Research 

team: Hilda Medrano, Dean, College of Education, University of Texas - Pan American (Edinburg); Helen 

Jones, Director (PI), Gifted and Talented Education, Edinburg CISD; and Sylvia D. Hall-Ellis, Education 

Service Center, Region One (Edinburg). Texas Education Agency, $750,000 (1996-2001)  
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Texas Teachers Empowered for Achievement in Mathematics (TEXTEAM) Institute for Algebra I. Developed for 

Hidalgo ISD, Jim Hogg (Hebbronville) County ISD, La Joya ISD, La Villa ISD, Lyford ISD, Mission CISD, 

Pharr-San Juan-Alamo ISD, Rio Hondo ISD, San Isidro ISD, San Perlita ISD, Santa Maria ISD, Santa Rosa, 

Sharyland ISD, Valley View ISD, Webb (Laredo) CISD, Weslaco ISD, and Zapata County (Zapata) ISD.  

Research team: Noel Villarreal (PI), Chuck McInteer, Ellen M. Gonzalez, Education Service Center, Region One  

(Edinburg); and Sylvia D. Hall-Ellis. Charles A. Dana Center for Mathematics and Science Education, 

University of Texas - Austin, $15,975 (1996)  

  

Community Learning Center for La Villa, Texas. Developed for Edcouch-Elsa Independent School District. 

Research team: Noe Gonzalez (PI), Assistant Superintendent, Edcouch-Elsa Independent School District, and  

Sylvia D. Hall-Ellis. Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $325,000 

(1996-1997)  

Monte Alto (Texas) Community Learning Center. Developed for Monte Alto Independent School District. Research 

team: Homero A. Diaz (PI), Superintendent, Monte Alto Independent School District, and Sylvia D. Hall-Ellis. 

Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $300,000 (1996-1997)  

  

Community Learning Center for La Villa, Texas. Developed for La Villa Independent School District. Research 

team: Sam Gonzalez (PI), Assistant Superintendent, La Villa Independent School District; and Sylvia D. Hall- 

Ellis. Delta Region Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $325,000 (1996-1997)  

  

Building Project for Taylor Elementary. Developed for Mercedes (Texas) Independent School District. Research 

team: Mrs. Denise Rivera, Librarian, and Eduardo Infante, Principal, Taylor Elementary School; Ismael S. Cantu  

(PI), Federal Programs Director, Mercedes Independent School District; and Sylvia D. Hall-Ellis. Delta Region  

Subzone, Rio Grande Valley (Texas) Rural Empowerment Zone, $375,000 (1996-1997)  

  

Border Education Network (BEN) - Distance Education through Cable Television. Developed for Edinburg (Texas) 

Consolidated Independent School District. Research team: Noe Torres (PI), Library Media Specialist, 

Magdalena Rosas, Library Media and Technology Coordinator, Edinburg Consolidated Independent School 

District; and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Edinburg (Texas) 

Consolidated School District, $250,000 (1996-1997)  

  

Multiservice One-Stop Open Enrollment Charter School. Developed for the Information Referral Resource  

Assistance, Inc. (McAllen, Texas). Research team: Pablo Perez and Aguie Pena (PI), Executive Director,  

Information Referral Resource Assistance, Inc.; Roberto Zamora and Sylvia D. Hall-Ellis, Education Service  

Center, Region One (Edinburg). Texas Education Agency, $3,066,000 (1996-2001)  

 

Project OK: A Community Youth Opportunities Grant for Summer, 1996. Developed for McAllen (Texas) 

Independent School District, St. Joseph the Worker Catholic Church, and the Office of Adult Education,  

Education Service Center, Region One. Research team: Father Bart Flatt, St. Joseph the Worker Catholic  

Church; Noe Calvillo (PI), Office of Adult Education; Maria Louisa Garcia, McAllen Independent School 

District; and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Protective and 

Regulatory Agency through the Office of the Mayor, City of McAllen, $350,000 (1996-2001).  

  

Early Childhood: a Time of Discovery. Developed for a partnership of Lasara ISD, Rio Hondo ISD, San Perlita ISD, 

the School of Education, University of Texas - Brownsville, and Education Service Center, Region One 

(Edinburg). Research team: Hugo Rodriguez, Dean, School of Education, University of Texas - Pan American;  

Leonel Barrera and Jack Damron, Field Service Agents, Ellen M. Gonzalez (PI), Administrator for Student  

Instructional Services, Ruth Solis, Education Specialist in Special Education, and Sylvia D. Hall-Ellis, Education 

Service Center, Region One (Edinburg). Texas Education Agency, $722,090 (1996-2001)  

  

Innovative Gifted and Talented Programs for Early Childhood and Elementary Education Students. Developed for a 

partnership of Edinburg (Texas) CISD, the School of Education, University of Texas - Pan American 

(Edinburg), and Education Service Center, Region One (Edinburg). Research team: Hilda Medrano, Dean,  
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School of Education, University of Texas - Pan American; Helen de la Garza (PI), Director of Elementary  

Curriculum and Instruction, Edinburg CISD; and Sylvia D. Hall-Ellis. Texas Education Agency, $750,000 

(1996-2001)  

  

Reading Recovery in Early Elementary Grades. Developed for a partnership of La Villa (Texas) ISD the School of 

Education, University of Texas - Pan American (Edinburg), and Education Service Center, Region One  

(Edinburg). Research team: Hilda Medrano, Dean, School of Education, University of Texas - Pan American;  

Marcario Salinas (PI), Supervisor of Elementary Curriculum and Instruction, La Villa ISD; and Sylvia D. Hall- 

Ellis, Education Service Center, Region One. Texas Education Agency, $750,000 (1996-2001)  

  

Connected Mathematics Project for Middle and Junior High Students. Developed for a partnership of Michigan 

State University, The Charles A. Dana Center for Mathematics and Science Education, The University of Texas 

at Austin and Region One Statewide Systemic Initiative Team. Research team: Jack Damron, Chuck McInteer, 

Noel Villarreal (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). National  

Science Foundation through Michigan State University to the Charles A. Dana Center at the University of Texas 

- Austin, $539,610 (1996-1999)  

  

Sharing Resources: Testing the Interlibrary Loan Potential of the Texas Library Connection -- Integrating Media 

Resources. Developed under the sponsorship of the Hidalgo County Library System (McAllen) and Education  

Service Center, Region One (Edinburg). Research team: William H. McGee, Hidalgo County System  

Coordinator; Fabiola Fuentes, Library Media; Ronald Pontius (PI), Instructional Technology, Education Service  

Center, Region One; and Sylvia D. Hall-Ellis. Library Media Services Program, Office of Technology Services, 

Texas Education Agency, $25,000 (1996-1997)  

 

State and Federal Adult Education JOBS Program. Developed for Education Service Center, Region One 

(Edinburg). Research team: Noe Calvillo (PI), Director, Adult Education Program, and Sylvia D. Hall-Ellis. 

Adult Education Program, Texas Education Agency, $532,846 (1995-1996)  

  

Creating Safe and Drug-Free Schools and Communities. Developed for a partnership of the Region One 

Consortium for Safe and Drug-Free Education Environments. Research team: Clara Contreras (PI), Health 

Specialist, and Sylvia D. Hall-Ellis, Education Service Center, Region One (Edinburg). Texas Education 

Agency, $150,000 (1995-1996)  

  

Developing Leadership Communities for Improving Mathematics Performance for All Students on Title I Campuses. 

Developed for a partnership of the Region One Statewide Systemic Initiative Team. Research team: Jack  

Damron, Chuck McInteer, Noel Villarreal (PI), and Sylvia D. Hall-Ellis, Education Service Center, Region One 

(Edinburg). Texas Statewide Systemic Initiative for Reform in Mathematics, Science and Technology Education 

to The Charles A. Dana Center for Mathematics and Science Education, The University of Texas at Austin, 

$50,669 (1995-1996)  

 

The Impact of Library Resource Centers on Academic Achievement in Selected Public Schools in South Texas. 

Sylvia D. Hall-Ellis (PI). Developed under the sponsorship of the Department of Library Science, College of  

Education and Applied Science, Sam Houston State University (Huntsville). Texas Association of School  

Librarians, Children's Services Round Table, and Young Adults Round Table (Austin, Texas), $2,500 (1995)  

  

School Library Media Specialists Fellowship Program. Sylvia D. Hall-Ellis (PI). Developed under the sponsorship 

of the Department of Library Science, College of Education and Applied Science, Sam Houston State University  

(Huntsville, Texas). U.S. Department of Education, HEA Title II-B, Library Education and Human Resource 

Development Program, $44,000 (1995-1996)  

  

Planning for Educational Technology. Research team: Ruth Ann Riggins (PI), Director of Library Media and 

Technology Services, Donna (Texas) Independent School District; Noe Torres, Education Service Center,  
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Region One; Patricia G. Bubb, Tech Prep of the Rio Grande Calley, Inc; Michael D. Bell, South Texas 

Community College; and Sylvia D. Hall-Ellis, Sam Houston State University. Developed under the sponsorship 

of Donna (Texas) Independent School District, Education Service Center, Region One (Edinburg), Tech Prep of 

the Rio Grande Valley, Inc. (Harlingen), South Texas Community College (McAllen), and the Department of 

Library Science, Sam Houston State University (Huntsville). Funded through Infusion of Educational  

Technology Planning Grant Program (H.B. 18: Models). Texas Education Agency, $18,000 (1993-1994)  

  

The Impact of Library Resource Centers on Academic Achievement in Selected Public Schools in South Texas. 

Sylvia D. Hall-Ellis (PI) and Mary Ann Berry. Developed under the sponsorship of the Department of Library  

Science, College of Education and Applied Science, Sam Houston State University (Huntsville). Sam Houston 

State University Research Enhancement Fund, $7,500 (1993-1994)  

  

Electronic Mail Resource Sharing System: Management and Operation of the Iowa Computer-Assisted Network. 

State Library of Iowa, $294,000 (1986-1993)  

  

The Iowa Locator: A CD-ROM Resource Sharing Tool. State Library of Iowa, $567,000 (1986-1992)  

  

Statewide Database Development: An OCLC Tape Analysis To Determine Feasibility. State Library of South 

Dakota, $15,000 (1987)  

  

The Iowa Locator: A Feasibility Study. State Library of Iowa, $50,000 (1986)  

  

Electronic Mail Resource Sharing System: A Feasibility Study for Libraries in the State of Iowa. State Library of 

Iowa, $5,000 (1985)  

  

Access Pennsylvania: A Feasibility Study. State Library of Pennsylvania, $50,000 (1984)  

  

Automating Library Administrative and Management Tasks: Procurement and Distribution of Microcomputer 

Systems for District Library Centers in the Commonwealth of Pennsylvania. State Library of Pennsylvania, 

$495,000 (1982)  

  

Sharing Serial Titles Resources: Procurement and Distribution of Microfiche Readers for 550 Libraries in the 

Commonwealth of Pennsylvania. State Library of Pennsylvania, $500,000 (1982)  

  

Electronic Mail System: A Pilot Project for Libraries throughout the Commonwealth of Pennsylvania. State Library 

of Pennsylvania, $125,000 (1982)  

  

Literacy Program for Adults in Rural Upstate New York State: Program Outreach and Evaluation - Phase 3. 

Appalachian Regional Commission, $50,000 (1981)  

  

Database Building: A Cooperative Project of the Finger Lakes Library System (Ithaca), Four County Library 

System (Binghamton), and the Southern Tier Library System (Corning). New York State Library, $450,000  

(1980-1985)  

 

Faces of the Southern Tier: A Professional Photographer-in-Residence. New York State National Endowment for 

the Humanities, $25,000 (1980)  

  

Literacy Program for Adults in Rural Upstate New York State: Program Implementation - Phase 2. Appalachian 

Regional Commission, $50,000 (1980)  

  

Small Business Resources Center: A Pilot Project for Rural Public Libraries. New York State Library, $50,000 

(1980)  
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Media Programming: A Professional Development Program for Public Librarians in Upstate New York: A Program 

in Allegheny, Chemung, Schuyler, Steuben, and Yates Counties. New York State Library, $35,000 (1979)  

  

Information and Library Resources for Inmates and Prisoners in Selected Upstate New York Facilities: A 

Cooperative Program in Allegheny, Chemung, Schuyler, Steuben, and Yates Counties. New York State Library, 

$25,000 (1979)  

  

Library Resources for Homebound Adults in Upstate New York: An Outreach Program in Allegheny, Chemung, 

Schuyler, Steuben, and Yates Counties. New York State Library, $40,000 (1979)  

  

Literacy Program for Adults in Rural Upstate New York State: Program Initiation and Establishment - Phase 1. 

Funded by the Appalachian Regional Commission. Awarded to the Corning (New York) Public Library, $50,000 

(1979)  

  

Information Reference Services to Homebound Adults. New York State Library, $31,000 (1978)  

  

Books-By-Mail Services to Homebound Adults. New York State Library, $31,000 (1978)  

  

System Headquarters Services and Programs for Public Libraries in District 10. Funded through Library Services 

and Construction Act Title I. Texas State Library and Historical Commission, $880,000 (1976)  

  

County Library Development Grant for Atascosita County. Funded through Library Services and Construction Act 

Title I. Texas State Library and Historical Commission, $15,000 (1976)  

  

Spanish Language Materials Collection Development Program. Texas State Library and Historical Commission, 

$40,000 (1975)  

  

Establishment of System Headquarters for Alamo Regional Library System (District 10) Headquartered at the San  

        Antonio (Texas) Public Library. Texas State Library and Historical Commission, $800,000 (1975)  

  

Samsung Exhibit 1012, Page 340 of 343 
Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC 



  

Sylvia D. Hall-Ellis, Ph.D.  

Page 50 of 52  

 

 

 

SELECTED CONSULTANTSHIPS  

  

Project Strategic Planning & Funding Proposal Development  

  

Walden University, 2015.  

Pikes Peak Library District, 2014.  

Douglas County Public Libraries, 2011-2012.  

Denver School for Science and Technology, 2008-2011.  

Johnson & Wales University, Denver Campus, 2007-2009.  

Challenges, Choices, and Images K-12 Charter School, Denver Public Schools, 2007.  

Denver Medical Library, Inc., 2006-2010.  

Bemis Public Library (Littleton), Ergonomic Design and Facilities Enhancement Consultant, 2003.  

Curtis Park Community Center (Denver), Community Technology Center Evaluation and Proposal Development 

Consultant, 2003.  

Colorado Community Based Research Network (Denver), Funding Research Associate, 2002.  

Our Lady of the Rosary Academy (Edgewater), Learning Resource Center Development Project Consultant, 2001-

2003  

University of Southern Colorado (Pueblo). Technology Integration and Curriculum Enhancement into Higher 

Education Learning Environment. Proposal Development Consultant, 2000.  

Jefferson County Library System (Lakewood), 1999-2000.  

Southeastern BOCES (Lamar, CO). Distance Learning Curriculum Content Development Project. Proposal 

Development Consultant, 1998-2004.  

Cheyenne Mountain School District 12 (Colorado Springs, CO). Technology Integration into Elementary Writing 

Curriculum Project. Proposal Development Consultant, 1998.  

 Telecommunications Infrastructure Fund Board Round #2 Application, 1997. Technical assistance to the following: 

La Villa (Texas) Independent School District; Mirando City (Texas) Independent School District; Monte Alto 

(Texas) Independent School District; San Isidro (Texas) Independent School District.  

Telecommunications Infrastructure Fund Board Round #1, 1996. Technical assistance to the following: Brownsville 

(Texas) Independent School District; Donna (Texas) Independent School District; Edinburg (Texas)  

  Consolidated Independent School District; Harlingen (Texas) Consolidated Independent School District; Jim  

       Hogg County Independent School District (Hebbronville, Texas); La Feria (Texas) Independent School District;   

         La Joya (Texas) Independent School District; La Villa (Texas) Independent School District; Los Fresnos 

(Texas) Consolidated Independent School District; Progreso (Texas) Independent School District; Raymondville 

(Texas) Independent School District; Rio Hondo (Texas) Independent School District; San Benito (Texas) 

Independent School District; Sharyland Independent School District (Mission, Texas); Weslaco (Texas) 

Independent School District; Zapata (Texas) County Independent School District.  

South Texas Community College (McAllen). Strategy Development to Meet the Technology Instructional Needs for 

Vocational, School-To-Work and Academic Programs, 1994-2000. Development Consultant.  

Donna (Texas) Independent School District. Planning for the Infusion of Technology in Middle Schools Serving High 

At-Risk Students, 1994-1995. Research Associate.  

Pettus (Texas) Independent School District. Planning for District-wide Automation in School Library Media Centers: 

Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1994. Principal Investigator.  

Fort Bend Independent School District (Sugar Land, TX). Planning for District-wide Automation in School Library 

Media Centers, Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1994-1995. 

Principal Investigator.  

Northern Waters Library Services (Ashland, WI). Professional Consulting Services to Make Recommendations on the 

Development of System-Wide Efforts of the Northern Waters Library Service, 1988-1989. Research Associate.  

State Library of Iowa (Des Moines). The Iowa Locator Compact Disc to Support Multi-Type Libraries Resource 

Sharing including Database Design, Building, Production, and Distribution, 1986-1991. Project Director.  

State Library of Iowa (Des Moines). Iowa Computer-Assisted Network Development, Enhancement, and Operation, 

1985-1992. Technical Director.  

State Library of South Dakota (Pierre). Statistical Sampling and Analysis of Multi-Institutional OCLC Archive Tape 

for Statewide Online Database Building, 1985-1986. Research Associate.  

District of Columbia Public Library (Washington, DC). Planning Document for the Retrospective Conversion of 

Bibliographic Records and Automation Issues in the 1990's, 1984-1985. Research Associate.  
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State Library of Pennsylvania (Harrisburg). Database Development for High School Libraries, 1984-1985. Research 

Associate.  

MINITEX (Minneapolis, MN). Workshops for Retrospective Conversion, Bar Coding, Library Statistics, and OCLC 

Serials Format, 1985. Presenter and Research Associate.  

ABC Film Consortium (Altoona, Bellefonte, Johnstown, PA). Database Building, System Design, and 

Implementation of Online Film Booking System, 1983-1985. Database Manager.  

  

Library Automation -- System Design & Implementation  

  

Douglas County Library District (Castle Rock, CO). Library Automation Technical and System Performance 

Specifications, 2001.  

 Pharr-San Juan-Alamo Independent School District (Pharr, TX). Library Automation Technical and System 

Performance Specifications, 1997. Project Development Consultant.  

Harlingen (Texas) Independent School District. Planning for District-wide Automation in Junior High School Library 

Media Centers: Preparation of Data, and CD-ROM Hardware/Software Configuration Evaluation, 1996. 

Principal Investigator.  

Sharyland (Texas) Independent School District. Design and Construction of New Elementary School Library and 

Technology Resources Center, 1995-1996. Principal Investigator.  

South Texas Independent School District (Mercedes, TX). Design and Construction of a New High School Library 

and Technology Resources Center, 1995-1996. Principal Investigator.  

Citizens’ Library (Washington, PA). Online Community Resources Files: Design and Implementation, 1984. 

Research Associate.  

Altoona (Pennsylvania) Hospital. Integrated Online System Upgrade Study, 1984. Research Associate.  

State Library of South Dakota (Pierre). Automation Plan and State Database Development, 1982-1983. Principal 

Investigator.  

State Library of Pennsylvania (Harrisburg). COM Production and Preparation of the Technical Specifications 

Document, Procurement, and Distribution of Microcomputers in the Commonwealth of Pennsylvania, 1983- 

1984. Research Associate.  

Altoona (Pennsylvania) Area Public Library. Integrated System (Circulation/Online Catalog) Study, 1982-1983. 

Principal Investigator.  

COPSCAULD (Council of Pennsylvania State College and University Library Directors, Edinboro, PA). Design of 

Online Media Catalog, 1982. Principal Investigator.  

Erie (Pennsylvania) County Library System. Operations Research and Design for Automated Circulation, Hardware 

Upgrade and Re-Retrospective Conversion, 1982. Research Associate.  

Michigan Library Consortium (Lansing, MI). Tape Management System Design and Implementation, 1982-1984. 

Research Associate.  

State Library of Pennsylvania (Harrisburg). Preparation of the Technical Specifications Document, Procurement and 

Distribution of Microfiche Readers in the Commonwealth of Pennsylvania, 1982. Research Associate.  

Community College of Allegheny County, Allegheny Campus (Pittsburgh, PA). Integrated Systems Study, 1981. 

Principal Investigator.  

Community College of Allegheny County, South Campus (West Mifflin, PA). Retrospective Conversion Training 

Program for Handicapped Students, 1981. Technical Director.  

Southern Tier Library System (Corning, NY). OCLC Acquisitions Subsystem Evaluation, 1981. Principal 

Investigator.  

South Central Reference and Research Council (Ithaca, NY). South Central Regional Delivery System, 1980. 

Principal Investigator.  

Southern Tier Library System (Corning, NY). Newspapers on Microfilm in the Chemung-Southern Tier Library 

System, 1979-1981. Principal Investigator.  

  

Cataloging & Bibliographic Database Building  

  

Challenges, Choices, and Images K-12 Charter School, Denver Public Schools, 2007.  

Denver Medical Library, Inc., 2006-2010.  

Ricks Gifted and Talented School Library, 2005-  

American Humane Society (Englewood), 2004-2006.  

Fisher Early Learning Center Library, 2004-  
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Colorado Community Based Research Network (Denver), 2004-  

Boulder Valley School District (Boulder), 2002-2003.  

Douglas Public Library District (Castle Rock), 2001-2002.  

 

Bibliographic Center for Research, Inc. (Denver). Original Cataloging, 2001-2003 & 1992-1993. Professional 

Cataloger. Libraries include Arapahoe Library District (Centennial); Clarke College (Clarke, IA); Kaiser  

         Permanente Center for Health Research (Portland, KS); Douglas County Library System (Carson City, NV);  

         Grinnell College (Grinnell, IA); Kansas State University (Manhattan, KS); Kansas State Library (Topeka, KS);  

         McPherson College (McPherson, KS); Newman University (Wichita, KS); Montana Technical University  

         (Helena, MT); Montana State Library (Helena, MT); University of Texas Southwest Medical Center Library  

         (Dallas, TX); Community College of Southern Nevada (Las Vegas, NV); Pikes Peak Library District (Colorado  

         Springs); Mesa Community College (Grand Junction); Coe College (Cedar Rapids, IA); Briar Cliff College  

         (Sioux City, IA); Tri-Care Health Systems (Aurora); The Penrose-St. Francis Healthcare System (Colorado  

         Springs); Westminster Public Library (Westminster); Lutheran Medical Center Medical Library (Wheat Ridge); 

American Heritage Center, University of Wyoming (Laramie, WY); National Wildlife Research Center Library  

         (Lakewood); University of Colorado Health Sciences Center, Denison Memorial Library (Denver); Water  

         Resources Library, Denver District Office, Bureau of Land Management (Lakewood); Mesa State Community 

College Learning Resources Center (Pueblo); Front Range Community College Learning Resources Center 

(Westminster).  

  

Colorado Historical Society Library (Denver). Original Cataloging of Serials for Multi-Institutional Union Listing 

Project, 1993. Technical Services Associate. Institutional partners: Denver Art Museum, Denver Museum of 

Natural History Library, and Denver Botanical Gardens Library.  

  

Arapahoe Library District (Centennial). Original Cataloging of Major Media, 1991.  

  

Original Cataloging Projects: Davis and Elkins College (Elkins, WV), 1989-1990; Waldorf College (Forest City, IA), 

1989-1990; Kennametal Corporation (Latrobe, PA), 1984-1985; Pennsylvania Public Libraries Film Center 

(Harrisburg), 1982-1985.  

  

Retrospective Conversion Projects: North Central Regional Library Service (Mason City, IA), 1987-1988; 

Southeastern Library Services (Davenport, IA), 1986-1987; Virginia Theological Seminary (Alexandria), 1984-  

1985; California University of Pennsylvania (California, PA), 1984-1985; Kennametal Corporation (Latrobe,  

PA), 1984-1985; West Virginia University (Morgantown), 1983-1985; Altoona Area Public Library (Altoona,  

PA), 1983-1984; George Washington University (Washington, DC), 1983-1984; Indiana University of  

Pennsylvania (Indiana, PA), 1983-1985; Health Education Center (Pittsburgh), 1983-1984; Central Pennsylvania  

District Library Center (Bellefonte, PA), 1982-1985; Duquesne University Law School Library (Pittsburgh),  

1982-1983; Allegheny County Law Library (Pittsburgh), 1982-1984; Calgon Technical Information Center  

(Pittsburgh), 1982; Dow Corning Corporation, Technical Information Center (Midland, MI), 1982-1983; Tri- 

System Public Library Retrospective Conversion Project (Binghamton, Corning, and Ithaca, NY), 1978-1981, 

Technical Project Director.  

  

 

  
  

Updated June 2024   
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	Hall-Ellis Declaration (4.1.25).pdf
	INTRODUCTION
	INTRODUCTION
	I. QUALIFICATIONS
	8. I have also given over one hundred presentations in the field, including several related to library cataloging systems and Machine-Readable Cataloging (“MARC”) standards.  My current research interests include library cataloging systems, metadata, ...
	II. PRELIMINARIES
	A. Scope of Declaration and Legal Standards

	10. I am not an attorney and will not offer opinions on the law.  I am, however, rendering my expert opinion on the authenticity of the documents referenced herein and when and how the documents were disseminated or otherwise made available to the ext...
	11. I am informed by counsel that a printed publication qualifies as publicly accessible as of the date it was disseminated or otherwise made available such that a person interested in and ordinarily skilled in the relevant subject matter could locate...
	12. 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 “publicl...
	13. I understand that 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. Persons of Ordinary Skill in the Art

	14. I am told by counsel that the subject matter of this proceeding relates generally to wireless communications networks, and specifically OFDM wireless communications networks and techniques.
	15. I have been informed by counsel that a “person of ordinary skill in the art at the time of the invention” (POSITA) is a hypothetical person who is presumed to be familiar with the relevant field and its literature at the time of the inventions.  T...
	16. I am told by counsel that persons of ordinary skill in this subject matter or art as of May 2002 would have had: a Master’s degree in electrical engineering, or a related field, or a Bachelor’s degree in electrical engineering, or a related field,...
	17.  It is my opinion that such a person would have been engaged in research, learning through study and practice in the field and possibly through formal instruction the bibliographic resources relevant to his or her research. Such a person would hav...
	18. Based on my experience working in research libraries with researchers having the qualifications described above, or even lesser qualifications, it is my opinion that such researchers would have been able to locate the material discussed herein on ...
	III. LIBRARY CATALOGING PRACTICES
	19. In preparing this declaration, I used authoritative databases, such as the OCLC bibliographic database, the Library of Congress Online Catalog, and the Library of Congress Subject Authorities, to confirm citation details of the various publication...
	20. Based on my experience working in research libraries with researchers having the qualifications described above, or even lesser qualifications, it is my opinion that such researchers would have been able to locate the material discussed herein on ...
	A. INDEXING

	21. A researcher may discover material relevant to his or her topic in a variety of ways.  One common means of discovery is to search for relevant information in an index of periodical and other publications.  Having found relevant material, the resea...
	22. Indexing services use a wide variety of controlled vocabularies to provide subject access and other means of discovering the content of documents. The formats in which these access terms are presented vary from service to service.
	23. Online indexing services commonly provide bibliographic information, abstracts, and full-text copies of the indexed publications, along with a list of the documents cited in the indexed publication.  These services also often provide lists of publ...
	24. Before the widespread development of online databases to index articles in journals, magazines, conference papers, and technical declarations, libraries purchased printed volumes of indices.  Graduate library school education mandated that student...
	25. Librarians consulted information seekers to verify citations, check availability in union catalogs, printed books catalogs, the OCLC database, and to make formal requests for materials (e.g., books, conference proceedings, journal articles).  Requ...
	26. A citation of a document by another is evidence that the document was publicly available and in use no later than the publication date of the citing document.
	27. A researcher may discover material relevant to his or her topic in a variety of ways. A citation of a document by another is evidence that the document was publicly available and in use no later than the publication date of the citing document. On...
	28. Indexing services use a wide variety of controlled vocabularies to provide subject access and other means of discovering the content of documents. The Library of Congress Subject Authorities includes standard forms of terms and cross references th...
	29. Online indexing services commonly provide bibliographic information, abstracts, and full-text copies of the indexed publications, along with a list of the documents cited in the indexed publication. These services also often provide lists of publi...
	B. MARC RECORDS AND THE ONLINE LIBRARY CATALOG

	30. 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.0F   MARC was first developed in the 1960s by the Library of Congr...
	33. A MARC record comprises several fields, each of which contains specific data about the work. Each field is identified by a standardized, unique, three-digit code corresponding to the type of data that follow. For example, a work’s title is recorde...
	34. The library that created the record is recorded in Field 040 in subfield “a” with a unique library code. When viewing the MARC record online via the OCLC bibliographic database, (initially known as the Ohio College Library Center) hovering over th...
	35. 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.8F  For example, 6XX fields are termed “Subject Access Fields.”9F  Amon...
	C. OCLC

	36. The 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 us...
	37. OCLC also provides its members online access to MARC records through its OCLC bibliographic database.  When an OCLC member institution acquires a work, it creates a MARC record for this work in its computer catalog system in the ordinary course of...
	38. When an OCLC member institution creates a new MARC record, OCLC automatically supplies the date of creation for that record.  The date of creation for the MARC record appears in the fixed field (008), characters 00 through 05.  The MARC record cre...
	39. Once one library has cataloged and indexed a publication by creating a MARC record for that publication, other libraries that receive the publication do not create additional MARC records—the other libraries instead rely on the original MARC recor...
	40. The date of creation of the MARC record by a cataloger at an OCLC member institution reflects when the underlying item is accessible to the public.  Upwards of two-thirds to three-quarters of book sales to libraries come from a jobber or wholesale...
	D. JOURNALS

	41. Catalogers can create MARC records for all types of print, online, and digital resources.  For example, MARC records cover serial publications, including both serially-published monographs and journals.  OCLC hosts MARC records for more than 320 m...
	42. The handling of printed journal subscriptions is shown on the cover or the first few pages of individual issues.  As was the best practice among libraries, issues arrived at a central facility and were immediately received, verified as part of a s...
	43. The foregoing process has been standard library practice longer than I have been working in the profession.  I first learned the steps in the process in the late 1970s and later supervised it.  Although the checking in process has become automated...
	IV. PUBLICATIONS
	A. EXHIBIT 1005 (“Kaiser”)

	44. Attached hereto as Exhibit 1005 is a copy of a dissertation titled Multi-Carrier CDMA Mobile Radio Systems - Analysis and Optimization of Detection, Decoding, and Channel Estimation by Stefan Kaiser (hereafter “Kaiser”) and issued by the Departmen...
	45. A dissertation exhibits the following characteristics: a dissertation is attributed to a single creator or author, recognizes a committee of faculty members, includes a list of scholarly references, and is published through the institution of high...
	46. Attached hereto as Attachment 1A is a true and correct copy of the MARC record for this dissertation from the Bavarian Library Network16F  (Munich, Germany) online catalog. The library ownership is indicated by the presence of the library’s name a...
	47. The International Standard Book Number (ISBN) on Exhibit 1005 (3-18-353110-0) matches the ISBN in field 020 of Attachment 1A.  Therefore, Exhibit 1005 is the same dissertation as the one that the cataloger in the Bavarian Library Network used to c...
	48. Attached hereto as Attachment 1B is a true and correct copy of the MARC record for the dissertation titled Multi-Carrier CDMA mobile radio systems - analysis and optimization of detection, decoding, and channel estimation obtained from the OCLC bi...
	49. Attachment 1B further includes an entry in field 050 (“Q350 [$b] V48 Nr. 531”)—as described above, a subject matter classification number consistent with the Library of Congress classification system (analogous to the Dewey Decimal classification ...
	50. WorldCat indicates that the publication titled Multi-carrier CDMA mobile radio systems: analysis and optimization of detection, decoding, and channel estimation as cataloged at the Bibliothèque Scientifique Nationale / National Research Council Li...
	B. EXHIBIT 1004 (“Galda”)

	51. Attached hereto as Exhibit 1004 is a copy of a conference paper published in volume 4 of the four-volume set of the proceedings of the  VTC Spring 2002: IEEE 55th Vehicular Technology Conference: Connecting the Mobile World found in the Linda Hall...
	52. The Galda conference paper is also available in the IEEE Xplore database,18F  which indicates that it was added to IEEE Xplore on August 7, 2002, and in the digital repositories ResearchGate19F  and Semantic Scholar.20F
	53. Attached hereto as Attachment 2A is a true and correct copy of the MARC record for this four-volume set of the IEEE 55th Vehicular Technology Conference proceedings from the Linda Hall Library of Science, Engineering & Technology online catalog.  ...
	54. Based on finding a print copy of Exhibit 1004 in the Linda Hall Library of Science, Engineering & Technology and MARC record in its online library catalog attached as Attachment 2A, it is my opinion that the four-volume set of conference proceedin...
	55. Attached hereto as Attachment 2B is a true and correct copy of the MARC record for the four-volume set of conference proceedings titled VTC Spring 2002: IEEE 55th Vehicular Technology Conference: Connecting the Mobile World obtained from the OCLC ...
	56. Attachment 2B further includes an entry in field 050 (“TK6570.M6 $b I23 2002”). As described above, field 050 includes a subject matter classification number consistent with the Library of Congress classification system (analogous to the Dewey Dec...
	57. WorldCat indicates that the four-volume set of conference proceedings titled VTC Spring 2002 : IEEE 55th Vehicular Technology Conference : Connecting the mobile world as cataloged at the Linda Hall Library of Science, Engineering & Technology is c...
	C. EXHIBIT 1007 (“Bury”)

	58. Attached hereto as Exhibit 1007 is a copy of a conference paper published in a three-volume set titled Globecom '00 - IEEE Global Telecommunications Conference found in the Linda Hall Library of Science, Engineering & Technology (Kansas City, Miss...
	59. The Bury conference paper is also available in the IEEE Xplore database,22F  which indicates an addition date of August 6, 2002, and the digital repository TIB – Leibniz Information Centre for Science and Technology and University Library.23F
	60. Attached hereto as Attachment 3A is a true and correct copy of the MARC record for this three-volume set of conference proceedings from the Linda Hall Library of Science, Engineering & Technology online catalog.  The library ownership is indicated...
	61. Based on finding a print copy of Exhibit 1007 in the Linda Hall Library of Science, Engineering & Technology and MARC record in its online library catalog attached as Attachment 3A, it is my opinion that the three-volume set of conference proceedi...
	62. Attached hereto as Attachment 3B is a true and correct copy of the MARC record for the three-volume set of conference proceedings titled Globecom '00 - IEEE Global Telecommunications Conference obtained from the OCLC bibliographic database. I pers...
	63. Attachment 3B further includes an entry in field 050 (“TK5101 $b .I37 2000”)—as described above, a subject matter classification number consistent with the Library of Congress classification system (analogous to the Dewey Decimal classification sy...
	64. WorldCat indicates that the three-volume set of conference proceedings titled Globecom '00 - IEEE. Global Telecommunications Conference. Conference Record as cataloged at the Linda Hall Library of Science, Engineering & Technology is currently ava...
	D. EXHIBIT 1003 (“Doufexi”)

	65. Attached hereto as Exhibit 1003 is a copy of a conference paper published in five-volume set titled The 13th IEEE International Symposium on Personal, Indoor and Mobile Radio Communications found in the Linda Hall Library of Science, Engineering &...
	66. The Doufexi conference paper is also available in the IEEE Xplore database,25F  which indicates a December 10, 2002, addition date.
	67. Attached hereto as Attachment 4A is a true and correct copy of the MARC record for this five-volume set of conference proceedings from the Linda Hall Library of Science, Engineering & Technology online catalog.  The library ownership is indicated ...
	68. Based on finding a print copy of Exhibit 1003 in the Linda Hall Library of Science, Engineering & Technology and MARC record in its online library catalog attached as Attachment 4A, it is my opinion that the five-volume set of conference proceedin...
	69. Attached hereto as Attachment 4B is a true and correct copy of the MARC record for the five-volume set of conference proceedings titled The 13th IEEE International Symposium on Personal, Indoor, and Mobile Radio Communications obtained from the OC...
	70. Attachment 4B further includes an entry in field 050 (“TK5103.2 $b .I33 2002”)—as described above, a subject matter classification number consistent with the Library of Congress classification system (analogous to the Dewey Decimal classification ...
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	75. Based on finding a print copy of Exhibit 1016 in the Linda Hall Library of Science, Engineering & Technology and MARC record in its online library catalog attached as Attachment 5A, it is my opinion that the three-volume set of conference proceedi...
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