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

same.

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

attached my Curriculum Vitae as Appendix CV.

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

collections of library materials, tailoring library records for optimal catalog



search performance and creating lending agreements between libraries

during my time as a Library Director.

. I am fully familiar with the catalog record creation process in the library
sector. In preparing a material for public availability, a library catalog record
describing that material would be created. These records are typically
written in Machine Readable Catalog (herein referred to as “MARC”) code
and contain information such as a physical description of the material,
metadata from the material’s publisher, and date of library acquisition. In
particular, the 008 field of the MARC record is reserved for denoting the
date of creation of the library record itself. As this typically occurs during
the process of preparing materials for public access, it is my experience that

an item’s MARC record indicates the date of an item’s public availability.

. Typically, in creating a MARC record, a librarian would gather various bits
of metadata such as book title, publisher and subject headings among others
and assign each value to a relevant numerical field. For example, a book’s
physical description is tracked in field 300 while title/attribution is tracked in
field 245. The 008 field of the MARC record is reserved for denoting the
creation of the library record itself. As this is the only date reflecting the

inclusion of said materials within the library’s collection, it is my experience



that an item’s 008 field accurately indicates the date of an item’s public

availability.

. I have reviewed Exhibit LGE1014, “Turbo-coded APSK Modulations
Design for Satellite Broadband Communications” by R. De Gaudenzi, A.
Guillen I Fabregas and A. Martinez as published in International Journal of

Satellite Communications and Networking, July/August 2006.

. Attached hereto as Appendix DEGAUDENZIO1 is a true and correct copy of
the MARC record for International Journal of Satellite Communications
and Networking as held by the Penn State University library. I secured this
record myself from the library’s public catalog. The MARC record
contained within Appendix DEGAUDENZIO1 accurately describes the title,
author, publisher, and ISSN number of International Journal of Satellite
Communications and Networking. The ‘Dates of Publication and/or
Sequential Designation’ field of this record visible on page 2 indicates this
collection includes the July/August 2006 edition of International Journal of
Satellite Communications and Networking containing “Turbo-coded APSK
Modulations Design for Satellite Broadband Communications” by R. De

Gaudenzi, A. Guillen I Fabregas and A. Martinez.



8. Attached hereto as Appendix DEGAUDENZIO2 is a true and correct copy of
“Turbo-coded APSK Modulations Design for Satellite Broadband
Communications” as published in International Journal of Satellite
Communications and Networking. I secured this PDF copy myself from
Penn State University’s digital collection. In comparing Exhibit LGE1014 to
Appendix DEGAUDENZI02, it is my determination that Exhibit LGE1014
is a true and correct copy of “Turbo-coded APSK Modulations Design for
Satellite Broadband Communications” by R. De Gaudenzi, A. Guillen |
Fabregas and A. Martinez as published in International Journal of Satellite

Communications and Networking July/August 2006.

9. The 008 field of the MARC record in Appendix DEGAUDENZIO1 indicates
the date of record creation. The 008 field of Appendix DEGAUDENZIO1
indicates the Penn State University library first acquired this journal as of
October 21, 2002 and holds the journal in perpetuity since that date.
Considering this information, it is my determination that International
Journal of Satellite Communications and Networking July/August 2006 and
therefore “Turbo-coded APSK Modulations Design for Satellite Broadband
Communications” was made available to the public shortly after its initial

release in Summer 2006.



10.1 have reviewed Exhibit LGE1018, “Bit-Interleaved Coded Modulation” by
G. Caire, G. Taricco and E. Biglieri as published in /EEE Transactions of

Information Theory, May 1998.

11.Attached hereto as Appendix CAIREO] is a true and correct copy of the
MARC record for IEEE Transactions of Information Theory as held by the
Carnegie Library of Pittsburgh. I secured this record myself from the
library’s public catalog. The MARC record contained within Appendix
CAIREO1 accurately describes the title, author, publisher, and ISSN number
of IEEE Transactions of Information Theory. The ‘Lib Has’ field of this
record visible on page 2 indicates this collection includes the May 1998
edition of /IEEE Transactions of Information Theory containing “Bit-

Interleaved Coded Modulation” by G. Caire, G. Taricco and E. Biglieri.

12.Attached hereto as Appendix CAIREO?2 is a true and correct copy of “Bit-
Interleaved Coded Modulation™ as published in IEEE Transactions of
Information Theory. 1 secured these scans myself from the Carnegie Library
of Pittsburgh’s collection. In comparing Exhibit LGE1018 to Appendix
CAIREO02, it is my determination that Exhibit LGE1018 is a true and correct

copy of “Bit-Interleaved Coded Modulation” by G. Caire, G. Taricco and E.



Biglieri as published in IEEE Transactions of Information Theory, May

1998.

13.The 008 field of the MARC record in Appendix CAIREO]1 indicates the date
of record creation. The 008 field of Appendix CAIREOQ1 indicates the
Carnegie Library of Pittsburgh first acquired this journal as of November 1,
1975 and held the journal in perpetuity until 2008. Considering this
information, it is my determination that /EEE Transactions of Information
Theory May 1998 and therefore “Bit-Interleaved Coded Modulation” was

made available to the public shortly after its initial release in Summer 1998.

14.1 have reviewed Exhibit LGE1019, DVB The Family of International
Standards for Digital Video Broadcasting, edited by Ulrich Reimers, 2™

Edition.

15.Attached hereto as Appendix REIMERSO1 is a true and correct copy of the
MARC record for DVB - The Family of International Standards for Digital
Video Broadcasting as held by the University of Pittsburgh library. I secured
this record myself from the library’s public catalog. The MARC record

contained within Appendix REIMERSO1 accurately describes the title,



author, publisher, and ISBN number of DVB - The Family of International

Standards for Digital Video Broadcasting.

16.Attached hereto as REIMERSO2 are selections from DVB - The Family of
International Standards for Digital Video Broadcasting as held by the
University of Pittsburgh’s library. I secured these scans myself from the
University of Pittsburgh library. In comparing Exhibit 1008 to Appendix
REIMERSO02, it is my determination that Exhibit 1008 is a true and correct
copy of DVB - The Family of International Standards for Digital Video

Broadcasting 2™ Edition.

17.The 008 field of the MARC record in Appendix REIMERSO1 indicates the
date of record creation. The 008 field of Appendix REIMERSOI indicates
the University of Pittsburgh library first acquired this book as of July 3,
2003. Considering this information, it is my determination that DVB - The
Family of International Standards for Digital Video Broadcasting was made

available to the public shortly after its initial acquisition in July 2003.

18.1 have been retained on behalf of the Petitioner to provide assistance in the

above-illustrated matter in establishing the authenticity and public



availability of the documents discussed in this declaration. [ am being
compensated for my services in this matter at the rate of $100.00 per hour
plus reasonable expenses. My statements are objective, and my

compensation does not depend on the outcome of this matter.

19.1 declare under penalty of perjury that the foregoing is true and correct. |
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 the knowledge that
willful false statements and the like so made are punishable by fine or
imprisonment, or both, under Section 1001 of Title 18 of the United States

Code.

Dated: 11/28/2022

FARL

June Ann Munford
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J. Munford
Curriculum Vitae

Education

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

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

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

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

Professional Experience

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

e Material authentication and public accessibility determination.

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

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

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

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

e Executive administrator of the Dowagiac District Library. Located in

11



Southwest Michigan, this library has a service area of 13,000, an annual
operating budget of over $400,000 and total assets of approximately
$1,300,000.

e Developed careful budgeting guidelines to produce a 15% surplus during
the 2013-2014 & 2014-2015 fiscal years while being audited.

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

e [ ed the organization and digitization of the library's archival records.

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

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

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

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

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

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

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

e Responsible for verifying imported MARC records and original MARC

12



cataloging for the local-level collection as well as the Michigan Electronic
Library.

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

Professional Involvement

Alaska Library Association - Anchorage Chapter
e Treasurer, 2012

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

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

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

Professional Development

Library Of Michigan Beginning Workshop, May 2008

Petoskey, M1
e Received training in cataloging, local history, collection management,
children’s literacy and reference service.

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

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

2019 e Fish & Richardson
IPR Petitions of 865 Patent, Apple v. Qualcomm (IPR2018-001281 /
39521-004211P & IPR2018-01282 / 39521-004211P2)

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

2019 e Perkins-Coie

Adobe Inc. v. RAH Color Technologies LLC (Cases IPR2019-00627,
[PR2019-00628, IPR2019-00629 and IPR2019-00646)

2020 e O’Melveny & Myers
Maxell, Ltd. v. Apple Inc. (Case 5:19-cv-00036-RWS)

2021 e Pillsbury Winthrop Shaw Pittman LLP
Intel v. SRC (Case IPR2020-1449)

Limited Case History & Potential Conflicts

Alston & Bird
e Nokia (v. Neptune Subsea, Xtera)

Arnold & Porter
e [vantis (v. Glaukos)

Erise I.P.
e Apple
v. Future Link Systems (IPRs 6317804, 6622108, 6807505, and
7917680)
v. INVT

v. Navblazer LLC (Case No. [PR2020-01253)
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v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

v. Quest Nettech Corp, Wynn Technologies (Case No. [PR2019-
00XXX, RE. Patent Re38137)
e Fanduel (v CGT)

e Garmin (v. Phillips North America LLC, Case No. 2:19-cv-6301-AB-KS
Central District of California)
e Netscout
v. Longhorn HD LLC)
v. Implicit, LLC (Civil Action No. 2:18-cv-53-JRG)
e Sony Interactive Entertainment LL.C
v. Bot M8 LLC
v. Infernal Technology LLC
e Unified Patents (v GE Video Compression, Civil Action No. 2:19-cv-248)

Fish & Richardson
e Apple
v. LBS Innovations

v. Masimo (IPR 50095-0012IP1, 50095-00121P2, 50095-00131P1,
50095-00131P2, 50095-00061P1)

v. Neonode

v. Qualcomm (IPR2018-001281, 39521-004211P, IPR2018-01282,
39521-004211P2)

e Dish Network
v. Realtime Adaptive Streaming, Case No 1:17-CV-02097-RBJ)
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v. TQ Delta LLC
e Huawei (IPR 76933211)
e Kianxis

e [.G Electronics (v. Bell Northern Research LLC, Case No. 3:18-cv-2864-
CAB-BLM)

e Metaswitch

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

e Quectel

e Samsung (v. Bell Northern Research, Civil Action No. 2:19-cv-00286-
JRG)

e Texas Instruments
Irell & Manella
e Curium

O’Melveny & Myers
e Apple (v. Maxell, Case 5:19-cv-00036-RWS)

Perkins-Coie

® TCL Industries (v. Koninklijke Philips NV, PTAB Case Nos. IPR2021-
00495, IPR2021-00496, and IPR2021-00497)

Pillsbury Winthrop Shaw Pittman
e Intel (v. FG SRC LLC, Case No. 6:20-cv-00315 W.D. Tex)
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RANSACTIONS ON INFORMATION THEORY. VOL. 44, NO. 3, MAY 1998

straci— It has been recently recognized by Zehavi that the
ce of coded modulation over a Rayleigh fading channel
Jimproved by bit-wise interleaving at the encoder output,
using an appropriate soft-decision metric as an input
hi decoder. The goal of this paper is to present in
hensive fashion the theory underlying bit-interleaved
nodulation, to provide tools for evaluating its performance,
d to give guidelines for its design.

x Terms—Bit-interleaving, channel capacity, coded modu-
n, cutoff rate, fading channel.

I. INTRODUCTION AND MOTIVATIONS

YVER since 1982, when Ungerboeck published his land-
[ymark paper on trellis-coded modulation [19], it has been
accepted that modulation and coding should be
d in a single entity for improved performance. Of
increasing interest for mobile-radio channels has led
consideration of coded modulation for fading channels.
s at first blush it seemed quite natural to apply the same
hoeck’s paradigm™ of keeping coding combined with
ion even in a situation (the Rayleigh fading channel)
re the code performance depends strongly, rather than
the minimum Euclidean distance of the code, on its
pmimum Hamming distance (the “code diversity™). Several
gsults followed this line of thought, as documented by a
unsiderable body of work aptly summarized and referenced
i [14] (see also [5, Ch. 10]). Under the assumption that
e symbols were interleaved with a depth exceeding the
sherence time of the fading process, new codes were designed
or the fading channel so as to maximize their diversity.
is implied in particular that parallel transitions should be
d in the code, and that any increase in diversity would
be obtamed by increasing the constraint length of the code.
A notable departure from Ungerboeck’s paradigm was the
,‘ of [24]. Schemes were designed aimed at keeping as
heir basic engine an off-the-shelf Viterbi decoder for the
fe facto standard, 64-state rate-1/2 convolutional code. This
mplied giving up the joint decoder/demodulator in favor of
IWo separate entities.

~ ased on the latter concept, Zehavi [26] recognized that the
tde diversity, and hence the reliability of coded modulation
over a Rayleigh fading channel, could be further improved.
Zehavi's idea was to make the code diversity equal to the
est number of distinct bits (rather than channel symbols)
g any error event. This is achieved by bit-wise interleaving
it the encoder output, and by using an appropriate soft-decision

~ Manuscript received August 11, 1996; revised June 1, 1997. This work was
orted by the [talian Space Agency (ASI).

~ The authors are with Politecnico di Torino, 1-10129 Torino, Italy.

Publisher Item Identifier S 0018-9448(98)02360-8.
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Bit-Interleaved Coded Modulation

Giuseppe Caire, Member, IEEE, Giorgio Taricco, Member, IEEE, and Ezio Biglieri, Fellow, IEEE

bit metric as an input to the Viterbi decoder. Further results
along this line were recently reported in 2], [13], and [1]
(for different approaches to the problem of designing coded-
modulation schemes for the fading channels see [20] and
[6]).

This paper is based on Zehavi’s findings, and in particular
on his result, rather surprising a priori, that on some channels
there is a downside to combining demodulation and decoding.
Our goal is to present in a comprehensive fashion the theory
underlying bit-interleaved coded modulation (BICM) and to
provide a general information-theoretical framework for this
concept. This analysis also yields tools for evaluating the
performance of BICM (with bounds to error probabilities
tighter than those previously known) as well as guidelines
for its design.

Definitions and channel model are first introduced (Section
II). Next, the information-theoretical foundations of BICM
are laid in Section III by evaluating in general the capacity
and the cutoff rate of bit-interleaved channels. Section IV is
devoted to error analysis: various approximations and bounds
are introduced, and the effect of the choice of signal labeling
is discussed. In particular, the asymptotic optimality of Gray
labeling in conjunction with BICM is showed. Design criteria
are pointed out in Section V, where a number of examples are
also shown. Conclusions are summarized in Section VI, where
the main themes of this paper are reprised.

1I. SYSTEM MODEL

In this section we recall the baseline model of coded
modulation (CM) and introduce the model of BICM.

Before proceeding further, let us stipulate a terminological
convention: hereafter we shall use the term “bit” to denote
a binary digit, and “information bit” to denote the binary
information unit. Thus for example, a string of . bits is
a sequence of symbols 0's and 1’s. A random vector with
m uniform independent and identically distributed (i.i.d.)
components has an entropy of m information bits. Moreover,
lower case symbols denote scalar quantities, boldface symbols
denote vectors, and underlined boldface symbols (e.g., €)
denote sequences of scalars or of vectors.

The CM and BICM models are represented by the block
diagram of Fig. 1. The building blocks of both schemes are
1) an encoder (ENC); 2) an interleaver 7; 3) a modulator,
modeled by a labeling map . and a signal set X', i.e., a finite set
of points in the complex N-dimensional Euclidean space B
4) a stationary finite-memory vector channel whose transition
probability density function pg(y | ), 2.y € CV may depend
on a vector parameter @; 5) a demodulator (DEM), which in the
present scenario plays the role of a branch metric computer; 6)

0018-9448/98$10.00 © 1998 IEEE
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ENC L u X

oy | x

DEM T DEC

Fig. 1.

a branch metric deinterleaver 7—'; 7) a decoder (DEC). The
balance of this section is devoted to a detailed description of
these blocks for CM and BICM.

A. Vector Channel Model

We consider a vector channel characterized by a family of
transition probability density functions (pdf)

{re(y | z) : BeCN;z,yecCV}) (1)

parameterized by a complex-valued vector 8 representing the
channel state. We assume that @ is independent of the channel
input 2, and that, conditionally on the sequence 8, the channel
is memoryless, i.e.,

po(y | 2) = [ po. (wi | 7). 2)
*

Moreover, @ is assumed to be a stationary, finite memory
random process. More precisely, we assume that there exists
an integer » > 0 such that, for all r-tuples v < k; < --- < k,
and for all n-tuples j; < --- < j, < 0, the sequences
(@k,, .0, ) and (8;,.---.8;, ) are statistically independent.

By this model we can represent a large number of typical
communication channels such as the additive white Gauss-
ian noise (AWGN) channel (@ = constant), the AWGN
channel with random phase (@ is the residual phase due to
imperfect carrier phase recovery) and frequency nonselective
slow-fading channels [17] (6 describes the multiplicative fad-
ing process). However, the model cannot take into account
intersymbol interference (ISI), or frequency selectivity in
fading channels since, in these cases, the channel state depends
on the input sequence.

B. Coded Modulation

A CM scheme can be viewed as the concatenation of an
encoder ENC for a code C defined over a label alphabet A
with an N-dimensional memoryless modulator over a signal
set X C CV [18], [19]. We assume that A and X are finite
and |A| = |X| = M. The transmitted code sequence ¢ € C
is mapped onto the signal sequence z by the (one-to-one)
labeling map . : A — A&, acting componentwise.

If the code C is designed to correct random errors, it may be
convenient to introduce a symbol interleaver 7 between the en-
coder ENC and the mapper z. For most of this paper we shall
assume that 7 is an ideal interleaver (i.e., with infinite depth
and completely random). Thus the interleaving/deinterleaving
blocks can be excluded from consideration provided that the
sequence @ is i.i.d., and hence characterized by its first-order
pdf.

Let ¥y = (¥,.95."**.Yp. ) denote the channel output
sequence resulting from the transmission of z. Optimum
decoding depends on the channel state information (CSI)

Block diagram of transmission with coded modulation (CM) and bit-interleaved coded modulation (BICM). In the case of CM, 7 denotes interleaving
at the symbol level. In the case of BICM, 7 denotes interleaving at the bit level.

available at the receiver. Here we consider the two extr e
cases of perfect CSI and no CSI. :

1) Detection with Perfect CSI: By assuming that the
ceiver has perfect knowledge of the values taken on by eac
0y, the set of maximum-likelihood (ML) symbol metrics §
given by

{log pe, (Y | 2)}zex.

After metric deinterleaving (denoted by 7! in Fig. 1), ML de
cision about the transmitted code sequence is made accordi
to the rule

C=¢ : ] : :
¢=arg rggzk: og pe, (Yx | 1(ex))

where the summation runs over the whole sequence. Note tf
(4) is the ML decision rule also with finite-depth interlea
or with no interleaving at all, since conditionally on 8, li
channel is memoryless (see (2)).

2) Detection with No CSI: The optimum receiver §
in the absence of CSI is different. A major difference
6 being unknown, the channel is not memoryless.' Howey
with ideal interleaving, for all finite-index sets K

p(y | z) = Eslpa(y | 2)] = [] pus | 24)
keX

where we defined a new average transition pdf as
p(y | ) = Eglpe(y | z)).

Then, in the case of no CSI and ideal interleaving, dw
symbol metric and decision rule are obtained by using p(y |4
instead of pg(y | ) in (3) and in (4), respectively.

Example 1: Ungerboeck Trellis-Coded Modulation (TCM
The first and best known construction of CM [19] is obtain
by choosing for A the set {0, 1}™, for C a binary convol
code of rate k./mn, and for p the set partitioning labeling,
a binary labeling obtained by an m-level binary tree p
of A" with nondecreasing minimum Euclidean distance
signal subsets at subsequent partition levels [19], [5]
example of set partitioning labeling for 16QAM is giv
Fig. 2(a). We define the spectral efficiency of this construe
to be R = k./N information bits per complex dimensi
(bit/dim).

C. Bit-Interleaved Coded Modulation

In general, BICM can be obtained by concatens
encoder ENC for a binary code C, with an N-dimensio
memoryless modulator over a signal set X C CV of
|X| = M = 2™, through a bit interleaver 7 and a one-to-t

! Noncoherent detection is a typical case: if the carrier phase is

varying process, performance enhancement is achievable, even with no
by detecting blocks of signals [12].
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1101 1001 | 0001 0101
L] L] L J L]
1100 1000 | 0000 0100

(b)
fig 2 16QAM signal set with (a) a suitable set partitioning labeling and

y labeling map 2 : {0,1}" — A'. The code sequence ¢ is
interleaved by 7. Next, the interleaved sequence 7(c) is
en into subsequences of m bits each, which are mapped
signals in X'. Finally, the resulting signal sequence Z is
mitted over the vector channel. The bit interleaver can be
as a one-to-one correspondence 7 : k — (k' i), where k
es the time ordering of the coded bits ¢y, k" denotes the
ordering of the signals ;. transmitted over the vector
nel, and i indicates the position of the bit ¢ in the label
of 2. Here we assume ideal bit interleaving.

Let £'(z) denote the ith bit of the label of 2, and X; the
subset of all the signals z € X whose label has the value
e {0.1} in position i (i.e.. such that ¢'(z) = b.) Further,
et b denote the complement of b and y the channel output
tesulting from the transmission of z.

The conditional pdf of y, given ¢'(z) = b € {0,1} and 8, is

pely | C(x) =b) = po(y | 2)P(z | £'(x) =)
zeX’

=2r8et S i)

zeX)

(6)

‘The last expression is obtained by noting that
poly | 2. 0'(z) = b) = pe(y | )

«’a_nd that
Pz | 6(z) = b) = {0. if 01(z)

: b
2=(m=1,if (=) =b
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where we assume uniform input distribution
Plb=0)= P(b=1)=1/2.

Again, the optimum receiver depends on the available
CSI. For both cases of ideal CSI and no CSI with ideal bit
interleaving, as we consider in this paper, at each time k' the
demodulator DEM produces the set of ML bit metrics
log ¥ pe, (ys | Z), perfect CSI

zEX)
log 3 plyw | %),
zEX)
for b € {0,1} and i = 1,---,m. Finally, the ML decoder
DEC makes decisions according to the rule

Ny sb) = (7)

no CSI

(8)

é: Ai t+Ck )
£= g : (Ygecre)

The decision rule (8) is completely analogous to (4), and can
be implemented by a Viterbi decoder.

1) Simplified Branch Metrics: The branch metrics (7) may
be computationally too complex for implementation. Subop-
timal simplified branch metrics [26] can be obtained by the
log-sum approximation log j max; log zj, which is
good as long as the sum in the left-hand side is dominated
by a single term, as typically occurs in channels with high
signal-to-noise ratio (SNR). This yields

Z; =

max log pg,, (yy | @), perfect CSI
zeX;

Ay, b) = 9)

max log p(y, | Z). no CSI
zeX)
Branch metrics (9) are obtained from the set of symbol branch
metrics (3) by selecting the maximum over the subsets X
BICM branch metric computation can be implemented by the
same demodulator for CM followed by some post-processor
(namely, by a parallel bank of comparators). Hence, BICM
metric computation has the same latency of CM, but requires
m(2™ — 2) additional binary comparisons.

2) Gray Labeling: Gray labeling plays a key role in BICM
theory. For convenience, we restate here its definition in terms
of BICM notation.

Definition. Gray Labeling: Let X’ denote a signal set of size
M = 2™, with minimum Euclidean distance d,i,. A binary
map s : {0,1}™ — X is a Gray labeling for X’ if, for all
i=1,---,mand b € {0,1}, each z € X} has at most one
z € X! at distance dyyin.

Fig. 2(b) shows a Gray-labeled 16QAM signal set.

3) Equivalent Channel Model: Fig. 3 shows the model of
a BICM communication channel with ideal interleaving. The
system consists of a set of m parallel independent and memory-
less binary input channels connected to the encoder output by a
random switch, which models ideal interleaving. Each channel
corresponds to a position in the label of the signals of X'. For
every symbol ¢; of a coded sequence ¢, the switch selects
randomly (and independently of other selections) a position
index i € {1,---,m}, and transmits ¢; on the ith channel.
The decoder, which knows the sequence of channels used for
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~—— Binary-input Ch. 1 |——
¢ Ay, e)

~—— Binary-input Ch. 2 |——

ENC

~— Binary-input Ch. m }——

Fig. 3. Equivalent parallel channel model for BICM in the case of ideal interleaving.

the transmission of ¢, computes the branch metrics (7) (or (9)) where m = log, M. Similarly, without CSI we get

and selects ¢ according to (8). : Z,P(y | 2)
Example 2. Zehavi's 8PSK Code: The effectiveness of C=I(z:y) =m— By |log, L WS || (11
BICM schemes over the Rayleigh fading channel was first ry|2)

pointed out by Zehavi in [26]. He picked for C the best 8-
state, rate-2/3 binary convolutional code [11], and for i a
Gray-labeling map. Unlike with our BICM model, the output
bits from the convolutional encoder were passed through
three separate ideal interleavers, so that there was a fixed
correspondence between the output bits of the encoder and
the label positions. Apparently, there are no reasons justifying
this fixed correspondence which, on the other hand, limits the
flexibility of BICM and complicates the analysis. Moreover, a
fixed correspondence between coded bits and label positions
introduces unequal error protection, usually an undesired
feature, and suboptimal performance when C is chosen at
random. This motivates our BICM model: here all the coded
bits output by the encoder are fed into a single-bit interleaver,
and thus being on an equal footing, generate a maximum of

Here, capacity is expressed in information bits per N complex
dimensions (bit/dim). CM schemes, being signal space codes
i.e., codes whose words are sequences of signals z € X,
achieve spectral efficiencies R < (. For this reason, we will
refer to C' defined in (10) as CM capacity. )
Let us now compute the capacity achievable by BICM. To
do it, we use the parallel-channel model of Fig. 3. Since
channels are memoryless and independent, we drop the tim¢
index k. Let b denote a binary input, y the vector channe
output, and S the random variable whose outcome determines
the switch position (for the above, S is i.i.d., unifo
distributed over {1, -,m}, and known to the receiver). §
S, 8, and b are independent, we can show that the AMI of b
y satisfies the inequality I(b:y | S) < I(b:y | 0.5).
these mutual informations are attained with no CSI and

ey perfect CSI, respectively. The conditional mutual informatios
of b and y. given S = 4, is then given by
IIl. AN INFORMATION-THEORETICAL VIEW OF BICM Ey re(y | 2)
, ZE. -
In this section we compute the capacity and the cutoff rate I(b:y 0,5 =1i) =1— Epyg|log, —ZPO—(I’IZ) (12
of CM and BICM with ideal interleaving, under the constraint zeX;

of uniform input probabilities. As usual, we assume ideal
interleaving, so that the sequence of channel state parameters

G g p.y,01S=i)=2"" 3" poly | 2)re(®). (8
A. Channel Capacity zeX)

Consider the memoryless discrete-input, continuous-output  1he conditional AMI is obtained by averaging (12) wil
channel with input z, output g, and transition distribution Tespect to S, so that
pe(y | ). Under the assumption I(z;8) = 0, from the “chain n
rule"lof mutual informati(?n [10] we obtain the inequality I(b:y|8.5) = %Zl(biﬂ 18,5 =1i).
I(z;y) < I(z;y | 8). The right-hand- and left-hand-side terms =3 :
of this inequality are attained when the receiver has perfect CSI ~ Finally, since there are m parallel independent channels,
and no CSI, respectively. Then, the capacity under uniform BICM capacity, with perfect CSI and uniform inputs, is giver
inputs constraint and perfect CSI is given by the conditional by

where 0, y, and @ are conditionally jointly distributed as

average mutual information (AMI) C =mi(b:y|8,S)
) 5 ey 2) 3 i: B i Z iz
C=1I(z:y|8) =m~— Esuallogg===———1 (10) Fh e b8 | 7952 NS T i
Yy I ) y.6 82 pa(y | z) i=1 Z p‘(y I Z)

ZEX]
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nilarly, with no CSI we obtain

] " %?Y ply | 2)
C =m — Zl Eb.y 10g2 m ¥ (15)
= ZEX]

eral, expectations in (10), (11), (14), and (15) cannot
ulated in closed form. Thus we resorted to numerical
legration via the Monte Carlo method.

The data-processing theorem [10, p. 32] can finally be
yoked to prove that, since y is statistically independent of b
z for all # and S, we have the inequality

g (16)

his shows the suboptimality of BICM schemes.

-,-bmnnel Cutoff Rate

Under the usual assumption of ideal interleaving and uni-
orm input distribution, we now compute the cutoff rate of
(M and BICM channels. This is widely accepted to be a
ensible parameter for comparing channels for which a finite-
omplexity coding scheme is used.

The cutoff rate Ro of the discrete-input continuous-output
thannel generated by a CM scheme can be written as [23], [14]

m—logy & Feyo|y/25], perfect CSI
ey (17)
m—logy 3 E,,,[ el noCSL
zeX

The cutoff rate of a BICM scheme can be obtained from the
Bhattacharyya bound [23] on the average bit-error probability
A, of the parallel channel model of Fig. 3 in the absence of
coding. By considering the ML bit metrics with perfect CSI1
given in (7), we obtain

1 ey l Eﬂ)
P, < — E e Y ] 18
b=m ; ' |:V ey | bﬂ)} o

where B denotes the average Bhattacharyya factor of the
BICM channel, with perfect CSI. Hence, we obtain from (6)

(19)

i=1

u arly, by considering the ML bit metrics without CSI given
in (7), we get the average Bhattacharyya factor

1 m
B&— > Eoy (20)
i=1

Finally, note that a channel use of the BICM channel is
uivalent to m channel uses of a binary-input channel with

age Bhattacharyya factor B. Hence, the cutoff rate R of
can be written as

Ry = m(1 = logy(B + 1)) (21)
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where B is given by (19) with perfect CSI or by (20) with no
CSLI. In spite of the fact that Ro can be evaluated analytically
in many cases [14], B, and hence Ry, cannot. Again, as we did
for capacity, we resorted to Monte Carlo numerical integration
to calculate Ry.

C. Numerical Calculations for Fading Channels

While the results obtained in the previous section hold in
general, hereafter we restrict our attention the slow frequency
nonselective Rician fading channels [14], which encompass
Rayleigh and AWGN as special cases. With this model, the
received signal after the transmission of € X’ can be written
as

y =gz’ +n (22)

where: i) n is a complex zero-mean Gaussian i.i.d. random
vector with covariance 3E[nnf] = Jo?In (Iy is the N x N
identity matrix, and a dagger { denotes Hermitian transpose);
ii) g is a scalar complex fading gain;? iii) ¢ is the carrier phase,
independent of 2 and g and uniformly distributed over [, 7]
With Rician fading, g is complex Gaussian with mean
VEK/(K +1) and variance 1/(2(K + 1)) (where K > 0 is
the Rician parameter, defined as the ratio of direct to diffuse
power in the received signal [14]). We assume normalized
signal energy 3 FE[|z|?] = 1/2, so that the average SNR is
1/02. With this model 8 = (g, ¢) and pp(y | Z) is given by
exp(—ly — gze’?*[0®).  (23)

pe(y|z) = (ToL

By averaging with respect to g and ¢, we obtain [12]
ply | z) = Eolpe(y | )]
1 x o tey b et
= —N———cxp(—y?Ev ly — y*:,, 1y)10 (2|yf2v 1y')
TN [E,|

(24)
where we have defined
a2 K 1 + 5
= — I
Y K+lz’ and X, K+1zz +o°In

and where I,(-) is the modified Bessel function of the first
kind and order zero [17].

Numerical results can be obtqineg by using (23) and (24) in
the general expressions of C, C', Ry, and Ry, for any choice
of signal set and labeling map. Here we restrict ourselves to
the limiting cases of AWGN and Rayleigh fading channels
(K — oo and K = 0, respectively). While looking at the
following results, the reader should keep in mind that bit/dim
indicates information bits per complex dimension.

1) PSK and QAM with Perfect CSI: Figs. 4 and 5 show
CM and BICM capacity versus SNR for 4PSK, 8PSK, and
16QAM over the AWGN and Rayleigh fading channels,
respectively. BICM capacity is computed with Gray and
set partitioning (SP) labelings. The performance of BICM
with Gray labeling is very close to that of CM (actually,

2This model does not apply when component interleaving is used in addition

to bit interleaving, since in this case the N components of & are affected by
different fading coefficients [6]. [1].
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C (bit/dim)
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Fig. 4. - BICM and CM capacity versus. SNR for 4PSK, 8PSK, and 16QAM over AWGN with coherent detection (SP denotesset-partitioning labeling).
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Fig. 5. BICM and CM capacity versus SNR for 4PSK, 8PSK, and 16QAM over Rayleigh fading with coherent detection and perfect CSI (SP denotes

set-partitioning labeling).

we conjecture that Gray labeling maximizes BICM capacity)
while the performance of BICM with SP labeling is several
decibels worse. Similar differences between Gray and SP
labelings can also be observed from the cutoff rate of the
Rayleigh fading channel.

Our next results are based on cutoff rate. This parameter
appears to be more suitable than capacity to compare BICM
and CM, possibly because there is no fixed relation between
Ro and Ry whereas C < €, as we know from (16). Figs. 6
and 7 show BICM and CM cutoff rate versus SNR for QAM

28

signal sets, over the AWGN and Rayleigh fading channels,
respectively. For 4, 16, 64, and 256QAM signal sets we used
Gray labeling. For 8, 32, and 128QAM—for which Gray
labeling is not possible—we used a quasi-Gray labeling, i.e,
a labeling minimizing the number of signals for which the
Gray condition (of having at most one nearest neighbor in
the complement subset) is not satisfied. For AWGN, CM
outperforms BICM at all SNR. The performance gap, which
is large for large M and low-rate codes, is reduced for hlgbt
rate codes. For example, CM256 QAM gains more than 3
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Fig. 4. BICM and CM capacity versus. SNR for 4PSK, 8PSK, and 16QAM over AWGN with coherent detection (SP denotesset-partitioning labeling).
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Fig. 5. BICM and CM capacity versus SNR for 4PSK, 8PSK, and 16QAM
set-partitioning labeling).

we conjecture that Gray labeling maximizes BICM capacity)
while the performance of BICM with SP labeling is several
decibels worse. Similar differences between Gray and SP
labelings can also be observed from the cutoff rate of the
Rayleigh fading channel.

Our next results are based on cutoff rate. This parameter
appears to be more suitable than capacity to compare BICM
and CM, possibly because there is no fixed relation between
Ry and Ry whereas C' < C, as we know from (16). Figs. 6
and 7 show BICM and CM cutoff rate versus SNR for QAM

.

over Rayleigh fading with coherent detection and perfect CSI (SP denole

signal sets, over the AWGN and Rayleigh fading channels,
respectively. For 4, 16, 64, and 256QAM signal sets we used
Gray labeling. For 8, 32, and 128QAM—for which Gray
labeling is not possible—we used a quasi-Gray labeling, ie.
a labeling minimizing the number of signals for which th
Gray condition (of having at most one nearest neighbor in
the complement subset) is not satisfied. For AWGN, CM
outperforms BICM at all SNR. The performance gap, w
is large for large M and low-rate codes, is reduced for hight
rate codes. For example, CM256 QAM gains more than 3

hick
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fig. 6. BICM and CM cutoff rate versus SNR for QAM signal sets with Gray (or quasi-Gray) labeling over AWGN with coherent detection.

m.7 BICM and CM cutoff rate versus SNR for QAM signal sets with
and perfect CSIL.

dB over BICM 256QAM at Ry = 3 bit/dim, but this gap is
reduced to less than 0.5 dB at Ry = 7 bit/dim. The situation
is different for the Rayleigh channel. We observe that in this
‘case, BICM generally outperforms CM for Ry > 1 bit/dim.
This difference in performance is especially apparent for high-
rate codes: for example, BICM 256QAM gains about 4 dB
“over CM 256QAM at R = 7 bit/dim. The above fact can be
intuitively explained as follows. For low rates it is possible
to design “practical” CM codes with large M-ary Hamming
distance, so that their performance over the Rayleigh fading

5 256QA
o W
i e - TS SNNEE
—_— /;/ 128QAM|
--==-== BICM W
6
64QAM
L3
E 32QAM
> 16QAM
3
8QAM
:
4PSK
1
0
J0Ls'y g S8 T8 15— 0355 30l a8 w08 B0
SNR (dB)

Gray (or quasi-Gray) labeling over Rayleigh fading with coherent detection

channel is good. For high rates, the complexity required by
CM in order to obtain large M-ary Hamming distance is
much larger than the complexity required by BICM, for which
Hamming distance is given by the binary Hamming distance
of the underlying binary code. Hence, for a given complexity,
BICM compares favorably with respect to CM on the Rayleigh
fading channel, especially for high rates.

Capacity and cutoff rate curves provide guidelines for code
design. In particular, over the AWGN channel CM appears
more suitable, although for high rates the loss of optimality
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Fig. 8. BICM and CM cutoff rate versus. SNR for orthogonal signal sets over AWGN with noncoherent detection. The cutoff rate is expressed in information
bit per channel use, where a channel use corresponds to N complex dimensions.
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Fig. 9. BICM and CM cutoff rate versus SNR for orthogonal signal sets over Rayleigh fading with noncoherent detection and no CSI. The cutoff rate is
expressed in information bit per channel use, where a channel use corresponds to N complex dimensions.

introduced by BICM is marginal (thus leaving room for
“pragmatic” approaches [24]). On the contrary, BICM is
much more appropriate for the Rayleigh fading channel. As a
consequence, if the channel model—as is the case for example
for mobile radio—fluctuates in time between the extremes of
Rayleigh and AWGN, BICM proves to be a more robust choice
than CM.

2) N-ary Orthogonal Signals with No CSI: 'We consider a
unit-energy N-ary orthogonal signal set X with N = 2™ (the

‘#

sequences Z € A’ can be obtained, for example, as unit-energy
Hadamard sequences [22]). Detection is noncoherent with no
CSI. Given the symmetry of orthogonal signals, ' and Ry do
not depend on the labeling y., which can be arbitrarily chosen.

Again, we use the cutoff rate to compare BICM and
CM. Figs. 8 and 9 show BICM and CM cutoff rates for
N = 4,8,16,32,64,128, and 256 over AWGN and Rayleigh
fading channels, respectively. An application might be coded
DS/SSMA, for which orthogonal signals are used to obtain
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very low rate CM schemes.’ At Ry = 1/N bit/dim, CM
outperforms BICM over the AWGN channel, especially for
large N. On the contrary, BICM outperforms CM over the
Rayleigh fading channel. We note from Fig. 9 that, for the
Rayleigh fading channel, BICM provides the largest gain over
CM for spectral efficiencies higher than 1/N (for example, at
Ry = 7/256 bit/dim, BICM yields a 10-dB gain over CM).
However, efficiencies better than 1/N are not very interesting
for coded DS/SSMA applications, where signal bandwidth
expansion is obtained by low-rate coding. In Section V we
shall see that actual BICM schemes can provide a substantial
coding gain over actual CM schemes with the same complexity
also at rate 1/N bit/dim.

IV. ERROR-PROBABILITY ANALYSIS

In this section we derive tools for evaluating F,, the bit
error rate (BER) of BICM with ideal interleaving. From now
on we assume that the binary code C in the BICM model
is linear, so that it admits a (possibly time-varying) minimal
trellis representation [18].

Let ¢ and ¢ denote two distinct sequences stemming from
the same state and merging after £ > 1 trellis steps. Denote by
{e — c} a decoder pairwise error event (i.c., the decoder
chooses ¢ when ¢ is the transmitted sequence and ¢ and
¢ are the only two possible decoding outcomes) and by
P(¢ — ¢) the pairwise error probability (PEP). The binary-
input channels of the BICM parallel channel model of Fig. 3
may be nonsymmetric, depending on the labeling map ;. and
on the signal set X'. Then, even for a linear C, the PEP may
depend on the pair (¢, &) rather than on their difference ¢ & ¢.
The analysis can be made simpler if we symmetrize the BICM
parallel-channel model by introducing a time-varying labeling
map. Define the complement ji of the map . as the labeling
obtained by complementing all the signal labels. Further, let
U denote a binary random variable independent of S, b. and
6. which for each transmission over the vector channel selects
either s or ji, independently with probability 1/2. Then, any
binary symbol b, input to the parallel-channel model, has
probability 1/2 of being complemented before transmission
(which occurs when U = 1), so that the BICM channel is
made symmetric. We assume that the value taken on by U is
known to the receiver, so that further complementing restores
the actual value of b. Under the common hypothesis of uniform
input bits, performance is not degraded by symmetrization.
The PEP of symmetrized BICM, with ideal interleaving, is a
function of the Hamming distance d between ¢ and ¢, of the
labeling . and of the signal set A". Therefore, we can write

P(e — ¢) = f(d, p, X) (25)
where the function f(-, -, -) depends on the vector channel and
on the type of detection. Without loss of generality, in the
following we assume that ¢ and ¢ differ in the d consecutive
positions 1,---.d. Finally, the usual union bound for linear

3See [22]. Viterbi's orthogonal convolutional codes are in fact CM codes,
as explained in Section V.
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binary codes leads to

Py < 3 Wild)f(d )

convolutional codes of rate k./n.
(26)

Ne
P < g X_:lWI(d fld,p, X)
block codes of rate K./N.

a

where Wi (d) denotes the total input weight of error events
at Hamming distance d. With convolutional codes, the infinite
summation of the union bound is assumed to converge, for
sufficiently large SNR. In the next section we shall see that
this assumption holds, in general, for the BICM model with
ideal interleaving adopted in this paper and for well-behaved
channels. Methods for computing the coefficients W;(d) are
well known, especially for convolutional codes (see, e.g..
[23].) Thus the key quantity to be evaluated in the following
is the PEP f(d, i, X).

A. Bhattacharyya Union Bound

Let 8, U, and @ denote the sequences of label positions,
labeling maps, and channel states occurring during the trans-
mission of e. A standard upper bound on the PEP is through
the Bhattacharyya bound [23]. For an ML decoder (8) with
perfect CSI we get

f(d, p, X)
= Esy[P(c—¢|8,U)]
= Esy[P(ps(y | e.8) <pe(y|e.8)|8.U)

Po, (Y | Cr-ix)
o, (Yr | cr:ix)

I
=
=
™
5

dl

‘U‘J

=

®

=
==

Il
>
-
S|
i
S
@
=
e
P Lo
e |
g Mo
~.] s,
Rt R
b
a
Il
&
a
—
[38]
~J
e

In a similar way, without CSI we obtain f(d,u. X) < B9,
with B given by (20).

For 8PSK with Gray labeling, perfect CSI, and the modified
metric (9), a Chernoff bound on the PEP was obtained by
Zehavi [26, Appendix A]. Although the latter can be expressed
in closed form, its derivation relies upon the specific features
of 8PSK and Gray labeling, and cannot be applied directly
to other labelings and/or other signal sets. By using (27)
in (26), on the contrary, we obtain bounds on P for any
labeling, signal set, and vector channel, with and without CSL,
The drawback here is that we must evaluate numerically B:
however, numerical evaluation is much faster than simulation
of the whole BICM system, and allows evaluation of 3, for
values usually not reachable by simulation. Moreover, B is
independent of C, and hence it can be evaluated for a given
u and X, and used to compare the performances of different
codes on any given channel.
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Convergence of the Union Bound: Under the assumptions
of Section II-A, with ideal interleaving the channel is mem-
oryless and stationary. Hence, the random coding bound
based on the Bhattacharyya union bound for (time-varying)
convolutional codes given in [23, Ch. 5] can be applied to
our case. In particular, for R < R the bound converges. For
actual codes, by replacing f(d, . X’) with B? in the infinite
sum of (26), we easily see that there exists a By such that
if B < By the bound converges. Then, as long as B is a
decreasing function of the channel SNR, we can safely assume
that the union bound converges over a range of SNR values
above a certain threshold.

B. BICM Union Bound

In this subsection we derive a union bound which does not
rely on Bhattacharyya (or Chernoff) upper bounds. This turns
out to be quite loose, but we shall use it only as a starting
point for the tight bounds and approximations which will be
developed in the next section. Since the bit metrics (7) or
(9) are difficult to deal with, our technique consists of going
back to the original vector channel and finding expressions in
terms of PEP’s of pairs of signal sequences, input to the vector
channel underlying the BICM channel.

In the following we consider the modified metrics (9) and
perfect CSI. Assume that ¢ and ¢ have Hamming distance d,
and let

XE=x x

S _ iy
.«'té = &' x

L7
x,{'l_h N

14
X Xz

XA

e
X o x Al (28)
denote the sequence (Cartesian product) of signal subsets
selected by the bits ¢, of ¢ (correct subsets) and ¢; of ¢
(complement subsets) given the label positions Sy = 7; and
the labeling map selected by Uj. For given S, U, and 8, the
path metric difference corresponding to the sequences ¢ and
¢ can be written as

d d

Z max log pe, (s | 2¢) — Z max log pe, (yy | zx)
k=1 2k EXL k=12 EX L

o=

= max logpe(y | 2) — max log pe(y | 2). (29)

161— ze\—

This yields

Plc—¢|S8,U)
=P(6<0|8U)
= P| max pe(y | z) < max pe(y | 2) | S.U
sz\— ge.l’s 3
= Eg | P| max pe(y | 2) < max pp(y | 2) | S.U.2
:GA" ZE: l—
b)
<. By

(Po(rll-‘l‘ < maxpe(y|2) |8, U, z)

ZEA—

N -
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= i i W <)

zE€ tg's' 56.\'5

(30)

where a) is obtained by conditioning and averagmg with

respect to the transmitted signal sequence z € Xc ; b) g8
obtained from the obvious relation

pe(y | z) < max pe(y | 2):
ZE. 1"‘

) is obtained by the union bound over all the sequences z €
X—'; and d) is obtained by assuming z uniformly distributed

over Xc— and by noting that

Plpe(y | z) <pe(y|2) | z) = Pz — 2) 31)

is the PEP of the two signal sequences z and 2, transmitted
over the vector channel.

We are now ready to bound the PEP of BICM: it suffices
to average (30) with respect to S and U. We obtain

fld,p, X)<m~ dz2"’z2 b Z ZP:L‘—»

z€ t ZE. \"‘
£ fun(d. . X) (32

where S and U run over all the possible m? and 27 sequences
of position and labeling maps, respectively. We will refer to-
(32) as to the BICM Union Bound (UB).

“The large number of terms in the right-hand-side summation

For example, if X is 16QAM and d = 10 (as for the free
distance of the best 64-state rate-1/2 binary convolutional
code [17, pp. 466-471]) we should evaluate and sum up
410 x 210 x 210(4-1)  210(4=1) — 290 terms. In order to get
a computationally efficient form for the BICM UB, let !

A(z,2) = logpe(y | z) — logpe(y | 2) (33

denote the metric difference relative to the components z and
z of the sequences z and 2z, and

d
A = Z A(zks zk)
R=] {
denote the total path metric difference corresponding to & and
2z (note that 4. # z forall k = 1,- -, d, since X2 NALE =)
Then, we can write [17]
1
=PAL0)=—
9=raco=g-[

a+joc

P(z —

given by

Pa(s) =
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id where o € (0.ayp), the intersection of the region of
vergence of ®(s) with the positive real line. Finally,
)y using (34) into (32) and by exchanging the sums and the
integral, we get the BICM UB in the form

o )= 5= ERTRTR e
ub (@, }, —— 27|'] rs ub\ S 3
';.irhere we have defined

mt ok
1
bu() 2 —2> > _ Sdea(®) GD

i=1 b=0 35,’[’; z€. "l;

‘and o belongs to the intersection of the regions of convergence
of the P A(z.z)(s)'s (for all pairs z,2) with the real positive
line. Use of this technique is made easy by the fact that
- By(z2)(8) (and its convergence region) can be expressed in
‘¢losed form in many cases of interest [3]. The integral over the
vertical path (o — joo,a + joc) can be efficiently computed
by the method developed by the authors in [4] and based
on a change of variable and Gauss—Chebyshev quadratures.
Alternatively, one can use the looser bound described below
(see [3] and references therein), which we state here without
proof.

1) Chernoff Bound: Let A be a continuous real random
variable which takes on values over the whole real line and
let ®a(s) = E[e 2] denote the Laplace transform of the
pdf of A. Then: i) The convergence region of B (s) is the
vertical strip av; < Re(s) < az where @ < 0 < ay; ii) The
following inequality holds:

P(A<0)< min ®Pa(a). (38)

O<a<as

Then, by noting that [¢,,(s)]? is a weighted sum of Laplace
transforms of the form (35), we obtain the Chernoff-type
bound

Fub(dop, X) < | min [ihup (@) (39)

We hasten to say that, unless the minimization with respect
to a can be obtained in closed form, the computation of the
right-hand side of (39) and (36) have roughly the same (low)
complexity. Thus there is no real benefit in using the looser
bound (39) instead of (36).

The BICM UB is very general, and can be easily extended
to the case of no CSI by defining the appropriate path metric
difference between signal sequences z and z (we omit here
this trivial derivation). Yet, it is rather loose, due to steps b)
and c) of (30). Step b) is a strict inequality if

z # arg max logpe(y | 2)

zEXT

while step c) is a union bound which generates a large number
of terms corresponding to almost overlapping pairwise-error
events.
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Example 3. Uncoded 4PSK in AWGN: Consider uncoded
transmission of 4PSK with Gray labeling in AWGN with
ideal coherent detection. Since 4PSK with Gray labeling
provides two binary antipodal parallel independent channels,
the presence of a bit interleaver is irrelevant, so that the
exact BER is given by [17] P, = f(1.p, &) = Q(1/a). By
applying the BICM UB we get

Py < fun(1,. X) = Q(1/0) + Q(V2/0).  (40)
The two terms on the right-hand side correspond to pairwise
errors at distance v/2 and 2, respectively. Hence, the BICM
UB takes into account the contribution of events at distance 2,
even if they are irrelevant to the BER. This simple observation
calls for some “expurgation” technique in order to exclude the
irrelevant terms from the BICM UB. This approach will be
formally stated in the following section for AWGN and fading
channels with perfect CSI.

C. Bounds for Fading Channels with Perfect CSI

In this subsection we derive a tight upper bound to the
PEP of BICM for Rician fading channels with perfect CSL
Here pe(y | z) takes the form (23), where, without loss of
generality, we assume zero carrier phase. The bound is first
derived for AWGN (K — oc), and then extended to the fading
case (K < o).

With AWGN, maximizing pg(y | ) over the possible signal
sequences is tantamount to minimizing the squared Euclidean
distance |y — z|>. We exploit the signal space geometry to
expurgate the BICM union bound. Let

Tes={y : ly—2z2ly-2 (41
denote the pairwise error region of the two signal sequences
z and 2, so that P(z — z) = P(T'zz). Given 8 and U,
let z € ng and 2 € Xf be two particular signal sequences
corresponding to ¢ and ¢, respectively. Then, we have

Theorem 1. Irrelevant Error Events (AWGN): The term
P(z — %) can be neglected in (30) without altering the
inequality if there exist ¢ sequences z*) different from z
and 2, for all i = 1,--- ./, either in the complement subsets
sequence A’ c§ or in the correct subsets sequence Xés—. such that

£
| PPed [ ) (42)

gl

Proof: From (42) we write

3
r‘?_vé = U{rg,g n Fé’!(i)}.

i=1
Consider separately each subregion {I'z s NIz , () }. Trivially,
if 200 € Xég, {2 NT5 0} is already counted in the pair-
wise error event {z — z(V}. The case zV) € X,__.-s- must be
considered more carefully. In this case, fory € {Tz:Nlz 20}

& # arg max log pe(y | Z).
zeEXT

Hence, the BICM decoder path metric for ¢ is not the metric
corresponding to Z. Therefore, the subregion {I'zz N I‘,_-,.é(.-)}
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does not belong to the pairwise error region of the BICM
decoder, and can be neglected. We conclude that I'z; is
irrelevant for the bound (30). O

Condition (42) is generally difficult to check. A much
simpler condition is expressed by the following Theorem.

Theorem 2. Decomposability (AWGN): The term Pz —
z) can be neglected in (30) without altering the inequality
if there exist two sequences 2’ and 2’ different from z and 2,
either in Xg or in Xg, such that

1) Re[(z ~2)'(2"-2)] 20

2) é=§’+§”“i- (43)

Proof: Since (43) is translation-invariant, without loss of
generality we can choose £ = 0. Setting y € I'g s, ¥ ¢ Loz,
and y ¢ g, we obtain

b’ <ly-2 and |y <|y-2"
or, equivalently,
2Re(y'z) < |2/|> and 2Re(y'z") < [2"|%.

Since z = 2’ + 2" and Re((2')f2”) > 0, summing up the
above inequalities we obtain

2Re(y'z) < |2 + |2 < |2)°

contrary to the assumption that y € I'p ;. We conclude that y
must be either in I'g > or I'g .~, and hence

oz C {Fox UTos}
The proof follows from Theorem 1. £

Remark: Theorem 2 is a generalization of the expurgation
technique based on “decomposability” of error sequences, used
by Verdi to bound the minimum BER of an uncoded multiuser
system with antipodal binary modulation in AWGN [21].

Corollary 1. Extension to Fading Channels (K < oc): The
term P(z — 2) can be neglected in (30) without changing the
inequality if there exist two sechences 2’ and 2", different from
Z and 2, either in Xf‘ or in Az, such that, for all components
8% By 5, md gl

1) Re[(z), — &) (2} — %) > 0

2)  2g =z;+z;\f—ﬁk. g

Proof: Condition (44) is the componentwise version of
(43). Let g; denote the (scalar) fading gain affecting the kth
component of the received signal. If (44) holds, we get trivially
that

1) Rel(gr2z} — guz) (gr2f — gir)] > 0
3 / " . (45)
2) gkZx = grZi + gr2y — GrZk.
Then, let G = diag (g1 5 ), and consider the new signal se-
quences Gz, Gz, Gz', and Gz”. We can extend (45) to
sequences, which yields
1) Re[(GZ —Gz)!(Gz" —Gz)] >0
2) Gz=GZ +G2'-Gz.
Hence, Theorem 2 can be applied for any fixed G. Finally,
we can eliminate the event {Z — 2} from the bound by: i)

(46)
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conditioning with respect to G; ii) applying Theorem 2 and
eliminating the region I'gz gz for G given; iii) averaging the
expurgated bound with respect to G. a

1) Application to QAM Signal Sets with Gray Label-
ing: Application of Corollary 1 (and of Theorem 2) is par-
ticularly simple when A" is a square M-QAM signal set
with Gray labeling (see, for example, the 16QAM signal set
represented in Fig. 2(b)). It is easy to verify that, with Gray
labeling, each z € X} has exactly a single nearest neighbor
z€ X,: (not necessarily at distance d,y;,,), foralli = 1.---.m
and b = 0, 1. Moreover, for each z € X, all the pairs (z.2)
with z € X and 2z # Z, satisfy condition (44) of Corollary 1.
For example, if z € X' corresponds to the point labeled 1011
in Fig. 2(b), z € X} to the point labeled 0011, and z € X to
the point labeled 0010, then 2" and 2 correspond to the points
labeled 0011 and 1010, respectively. For a given integer d,
X is a hypercube carved from a cubic lattice of dimension
d. Hence, condition (44) can be immediately extended to
sequences in X'/, We conclude that for all z € XEQ there
exists only one relevant error event {£ — 2}, where z is
the unique nearest neighbor of  in Xf. By expurgating the
BICM UB (32) we get the new bound

£,y X) =2y 24y " adn DN e ol
g » wal

z€ .1‘5'

2 fuldr XY @7

This will be referred to as BICM Expurgated Bound (EX). In
order to obtain a computationally efficient form of it, we use
once again a Laplace-transform approach. Let A(z, z) denote
the metric difference

Az, z) = logpe(y | z) — log pe(y | 2)
between the branch metric of  and the branch metric of

its (unique) nearest neighbor 2 € X. By using (34) and
exchanging the sums and the integral, we get

Jig o e ds
faldu ) =g [ bale S @
7] Ja—jso 8

where we have defined the function ..(s) as

m 1
o) 2 =33 Baenls) )

i=1 b=0 zEX)

The BICM EX is formally similar to the BICM UB, but it
includes only one error event {£ — 2z} for each possible
transmitted sequence z, rather than all the spossible 2d(m=Hi
error events {z — z}, for all 2 € A, Computational
experience has shown that (48), when used with other signal
sets, often provides a very tight approximation to the PEP.
Actually, as we prove in the following subsection, with Gray
labeling and AWGN the approximation obtained from BICM
is asymptotically tight. Numerical evaluation of (48) can be
efficiently performed by using the Gauss—Chebyshev method |
of [4].
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Emple 3 (Continued): 1f we apply the BICM EX to the
ase of uncoded 4PSK with Gray labeling over AWGN we

i

Pyin £ fex(lv”ax) 1 Q(l/a)

yhich is tight (see Example 3 of Section 1V-B).

2) Asymptotic Behavior of the PEP: Here we establish the
ehavior of f(d,pu, X) as 0 — 0 with fading channels with
: CSI. This provides some insight into the asymptotic
erformance of BICM for high SNR. For Rician fading

channels with perfect CSI we get [20]
s(1—s02)K —z|?/(K+1
R, i exp (—ﬁ:@%&ﬂﬁ?ﬂ%)
aen () = T so)e - AP /(K +1)
For ANGN fun(d, 1, X) and fex(d, i, X) can be written as
fusldo s, X) = m~1 274y 27
S U

0)

(6]

. |z — 2|
W Q( ) (51)
zexfzexs Ve
fex(d, I8 X) — m_d Zz—d Z 2-d(m—l)
s u
o)

zEX
The minimum possible Euclidean distance between any
ZE Xf and 2z € Xf, for all possible sequences of positions

8, is Vddmin. wWhere dpin denotes the minimum Euclidean
distance of X. From (51) we get

lim fub(da Hs X)
=0 Q(V/ddumin/(V27))
= m—-d Z 2—d z 2—d(m—-1) Z Nmin(d‘ g)
S u zexs
= m'm(d) (53)

where Numin(d, Z) is the number of neighbors 2 € Xg at dis-

tance Vddumin from z and Npin(d) is the expected number
of nearest neighbors of an error event of Hamming distance
d, averaged over £ € X.f', S, and U. In order to compute
Nin(d), we write

d
Nﬂliﬂ(d7£) = H Nmin(lwzk)'
k=3

Hence. from the right-hand side of (51) we get

Nmin(d) = [Nmin(l)]d (54)

where

m

1
D2 LYY T Nan(l2) 69

i=1 b=0 z€.V}

is the average number of signals at distance dmin in the
complement subset of a signal z. Note that Nuin(1) depends
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only on X and on the labeling p. From (54) we may observe
the impact of the value of Nuin(1) on the performance of
BICM: in fact, if this is greater than 1 then Noin(d) increases
exponentially with the Hamming distance d, thus impairing
the performance of the coding scheme at moderate SNR. If,
on the contrary, Nmin(1) < 1, increasing d does decrease the
value of Ninin(d). and hence improves the performance. This
fact is further discussed in the following, where we show how
the choice of the labeling map .« affects the value of Nyin(1)-

Let now D denote the event that a signal sequence Z € x§
has a nearest neighbor at distance Vddypin in Xg, and let
Ip(z) denote the indicator function of D. Then, from (51)
we get

: fex(d, p X)
llll.]o Q(‘/admin/(\/ig))
- m-—d Z 2—d Z 2——d(m—1) Z I’D(Q)
S L4 zexs
— P(D)< 1. (56)

In the case of Gray labeling we have

Theorem 3. Asymptotically Tight Bound and Approximation
(AWGN): 1If p is a Gray Jabeling for the signal set X', then
Nmin(d) < 1, and

Fonldde) o e Ui 2.
7 e P (T s

Proof: If p is a Gray labeling for &, by definition
Nuin(d. z) is either 1 or 0, hence Nuin(d.z) = Ip(z) and

Nmin(d) =~ P(D) < 18

(57)

lim
o—0

(58)

In order to prove (57), we need a lower bound on f(d. pt, X).
We follow the technique of [21] and consider a genie decoder
with additional side information. In particular, suppose that, for
each transmitted signal sequence Z € x§ the genie decoder
knows that the only possible concurrent signal sequence is 2.
i.e., the unique sequence at minimum distance from z in the
complement subset Xf, If |2 —z| > Vddyin, the PEP of
the genie decoder is trivially bounded from below by zero.
Hence, we can write

\/admin
d,p, X) = P(D — .
f(d,pu, X) 2 P( )Q( T (59
If X is a squared QAM signal set, we can write
\/Jdmin
o V@min |\ < f(d, p, X) < fex(d,p, X
('D)Q( e < f(d,p. X) £ fex(d p X)
< fun(d, p, X). (60)

By taking the limit for & — 0 and by using (53), (56), and
(58) we obtain (57). If X is not a squared QAM signal set, the
order of the middle inequality in (60) may be reversed (i.e., it
may be fex(d,p, X) < f(d.p, X)). However, it is immediate
to check that the left and the right inequalities still hold, thus
giving (57) as 0 — 0. O
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For any other labeling, the asymptotic ratio between the
PEP upper and lower bounds is Ny, (d)/P(D) > 1. Hence,
Theorem 3 shows a sort of asymptotic optimality of Gray
labeling for BICM.

For K < oo, the asymptotic analysis is more complicated,
because a closed-form expression for the PEP P(z — 2) for
arbitrary z, 2z, and K is missing, and because, if K < oo,
P(z — z) does not decrease exponentially with SNR. For
these reasons, we restrict our analysis to the BICM EX and
we use the Chernoff bound (see (38)). From (38) and (50) we
obtain

Klew—24|*/(40? (K +1))
O R e ﬁ i (‘1+1='1._}k|2/(412(1\'+1>))
dcasay e\ T U T s - P/ (K + 1)

(61)

By assuming that X" is a square QAM constellation with Gray
labeling, by substituting (61) into the BICM EX (47), and by
choosing o so small that 1 < |zx — 2x|?/(40%(K + 1)) for
all k = 1,---,d, we get

-0l
4K +1)e K
fex(d, pt, X) ~ (W) (62)
where
m 1 =3
g p tz Y 63)
h m2m 4 |z — 2|2

i=1 b=0 zeX}

Hence, for any given K < oo, as ¢ — (0 the function
fex(d, pu. X') depends on the inverse dth power of SNR. In the
fading case there is no single dominant term, and therefore the
union bound may not be tight as & — (. Results of Section V
show that the BICM EX is very close to the real PEP (obtained
by simulation) also in the fading case, while the BICM UB is
extremely loose at all SNR’s.

The coefficient d? can be interpreted as the harmonic
mean of the minimum squared Euclidean distance between
complementary subsets of X'. By comparing the left-hand of
(62) with the Chernoff bound on the PEP of a CM scheme in
Rician fading (see, for example, [14, p. 162]), we observe that
(d})? plays the role of the so-called squared product distance
of the error event.

The role of the two basic parameters Nyy,;,(1) and df in the
design of BICM will be emphasized in next section.

V. DESIGN GUIDELINES

The analysis of previous sections shows that the perfor-
mance of BICM with ideal interleaving depends mainly on
the following parameters. i) The minimum binary Hamming
distance of C, denoted in the following by ds(C). ii) The
minimum Euclidean distance d,i, of X. iii) The average
number of nearest neighbors N,,;,,(1), defined in (55). iv) The
harmonic mean of the minimum squared distance d?, defined
in (63).

On the AWGN channel with coherent detection (perfect
CSI), the performance of BICM is asymptotically dominated
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by the error event at minimum Euclidean distance

dg = V d2(C) dmirr

From the union bound (26), the error coefficient corresponding
to the distance dg is Wr(da(C))[Nmin(1)]%€) divided by
ke or by K., in the case of convolutional or block codes,
respectively.

In the case of independent (or ideally interleaved) Rayleigh
fading channel with perfect CSI, the asymptotic error per-
formance of any code is proportional to the inverse of SNR
raised to a power equal to the code diversity, i.e., the minimum
Hamming distance between signal sequences produced by the
encoder/modulator [14]. We showed that in BICM this code
diversity equals d5(C). Recalling the definition of the spectral
efficiency R, with PSK/QAM and Gray labeling, and letting
o — 0 and SNR = 1/02 = RE, /N, from (62) we can write

) ]/10+const.
dB

(65)

(64)

Ey

log,o Py, >~ —ds(C) [(Rdﬁ)dB ks (Fo

Thus for high values of Ej /Ny, the BER curve on a logarith-
mic scale approaches a straight line with slope proportional
to —dy(C), translated horizontally by the offset (Rd})p. As
we shall see in an example, this rule of thumb turns out to
be useful for a quick comparison between different BICM
schemes over the Rayleigh fading channel.

Consider next the case where C is a convolutional code. The
decoder complexity can be measured by the trellis complexity
7 = NgNp, where Ng = 2" denotes the number of states
in the minimal encoder for C (v is the encoder memory), and
Np = 2k is the number of branches merging into each state
at each trellis step (k. is the number of encoder inputs). The
complexity of punctured convolutional codes is the same 7 of
the low-rate code; they are derived from [7].

The design of BICM can be summarized as follows:

1) Given a signal set X of cardinality M = 2™ and
dimension N, a desired decoder complexity 7, and a
required spectral efficiency R, choose the best binary
convolutional code of rate r. = k./n. such that R =
rem /N, with complexity <r.

Depending on the application (AWGN, Rayleigh fading,
etc.) and on the detection technique (perfect CSI, no
CSI, etc.), choose the labeling map p according to
some optimality criterion. We showed that, for perfect
CSI, practical and sensible criteria are the minimization
of Nwin(1) and the maximization of dj. Table I lists
Nuwin(1) and di for some PSK and QAM signal sets
and some labelings (observe that Gray and quasi-Gray
labelings provide values of N, (1) never exceeding 1.
unlike other labelings).

In this way, the binary code is picked independently of

2)

p and X. Since the best convolutional codes are known

for many rates and complexities (see [17], [11], [7], and
references therein) normally no search for new binary codes
is needed. We mention in passing that BICM easily allows
the concatenation of any given signal set with the powerful
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Fig. 10. BER of BICM 8PSK code obtained from the optimal 8-state, rate-2/3 code and Gray labeling. Rayleigh fading with perfect CSL

TABLE 1
VALUES OF Npin (1) AND d';: FOR SOME PSK AND QAM SIGNAL SETS.
(THE SIGNAL SET AVERAGE ENERGY IS NORMALIZED TO 1. LABELS “~ G™
and “WW*" DENOTE QUASI-G RAY AND THE LABELING OF 32QAM PROPOSED
BY WEI IN [25] FOR DESIGNING UNEQUAL ERROR PROTECTION CM)

[ x]e [Ment0 | &
4PSK || Gray | 1 2
SP 1.5 2
8PSK || Gray | 0.666 0.7664
SP 1.166 0.664
8QAM || ~G | 0.9167 | 0.96
SP 1.333 | 0.96
16QAM || Gray | 0.75 0.4923
SP 1.75 0.4414
32QAM || ~ G | 0.75 0.2788
w 1.2 0.2133
64QAM || Gray | 0.5833 | 0.1442
128QAM || ~ G | 0.6339 | 0.077
256QAM || Gray | 0.4688 | 0.043

class of binary parallel concatenated codes [15] (also known
as “turbo codes”).

A. Numerical Results

In this subsection we show a selection of numerical re-
sults aimed at illustrating some features and applications
of BICM. In the figures, curves marked by BUB denote
union-Bhattacharyya bound, UB the BICM union bound, EX

the BICM expurgated bound (or approximation), and SIM
computer simulation. All the simulation results presented
hereafter were obtained by using the suboptimal branch metric
(9).

1) Effect of Finite-Depth Interleaving: Here we prove that
interleaving is indeed necessary, although it need not be very
deep if the channel has a short memory. Fig. 10 shows the
BER of BICM over independent Rayleigh fading with perfect
CSI, where X is 8PSK, p is Gray labeling, and C is the
optimal 8-state, rate-2/3 code used by Zehavi [26]. The only
difference between this and Zehavi’s BICM scheme is that here
we use a single bit interleaver instead of separate interleavers
for the three encoder outputs. Simulation in the case of ideal
interleaving shows excellent agreement with the BICM EX
approximation. The Bhattacharyya union bound is about 2
dB away from the true BER, as typical of fading channels.
Zehavi's analysis based on the Chernoff bound [26] shows
about the same gap from simulation. Hence, the usefulness
of the tighter bounds developed in this paper is apparent.
Simulations are also shown in the case of no interleaving
and with interleaving depth equal to 10. Note that, since the
Rayleigh fading channel used here is memoryless, the only
effect of interleaving is to break the correlation introduced by
the modulation, which carries three bits in a single transmitted
signal. Absence of interleaving degrades the BER: however, a
relatively short interleaver is sufficient to approach the ultimate
performance.

2) Gray Labeling: Here we prove that SP labeling is poor
for BICM. Fig. 11 shows the BER of BICM over AWGN
with perfect CSI, where X" is 16QAM and C is the de facto
standard 64-state, rate-1/2 binary convolutional code with
(octal) generators (133, 171) [17, pp. 466-471]. Gray and
SP labelings are compared. Note that BICM EX is a true
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Fig. 1. BER of BICM 16QAM code obtained from the optimal 64-states rate-1/2 code. AWGN channel.
(very tight) bound only for Gray labeling. With SP labeling, TABLE 11

the BICM EX curve underestimates the actual BER. This is
because, without Gray labeling, there exist many more nearest
neighbors for each transmitted signal sequence, while the
BICM EX counts just one neighbor. Hence, if the labeling
is not Gray, the BICM EX curve yields too optimistic values.
However, the Bhattacharyya union bound and the BICM UB
always provides an upper bound (also for the SP labeling),
although the latter is rather loose in the range of BER values
of practical interest.

3) BICM PSK/QAM Codes for the Fading Channel:
Fig. 12 shows the BER over Rayleigh fading channels of
BICM codes obtained by concatenating the same rate-1/2
code of the previous example with different signal sets.
Gray labeling is used whenever possible. When X' does not
admit Gray labeling, a quasi-Gray labeling is chosen (i.e., a
labeling that minimizes the number of points with more than
one nearest neighbor whose label differ by more than one
bit). Since the code is the same, all the BER-curves have
asymptotically the same slope. The Ej/Nj (in decibels) gap
between them can be evaluated from (65). The differences
between the values of (Rd})4p and those pertaining to 4PSK
are reported in Table II. By comparing these values with the
curves in Fig. 12, we note how (65) gives a quite accurate
prediction. Note also that BICM EX gives true upper bounds
for Gray labeling, but only an approximation in the quasi-Gray
case,

A method for increasing code diversity with BICM con-
sists of concatenating an expanded signal set to a low-rate
code [13]. For given R and 7, this leads to asymptotically
steeper BER curves. However, signal set expansion reduces
the value of df, so that this technique may not provide a
better performance in the range of BER values of interest. The

SPECTRAL Eyncrmcms AND DIFFERENCES IN THE VALUES
OF (Rd{ )ais FOR THE BICM Cobks oF FiG. 12

& || R (bit/dim) | E,/N, gap (dB)
4PSK 1 0
8PSK 1.5 2.4
16QAM 2 3.07
32QAM 2.5 4.57
64QAM 3 6.65
128QAM 3.5 8.7
256QAM 4 10.65

crossover point between different BICM codes over Rayleigh
fading can be coarsely estimated by finding the intersection
between the straight lines defined by (65) (by neglecting the
“const.” terms). Fig. 13 shows two examples of BICM design
based on signal set expansion. We considered two BICM
schemes with R = 2 bit/dim and 7 = 128, one obtained by
concatenating to 8PSK the best rate-2/3, 64-state punctured
code [7] and the other obtained by concatenating to 16QAM
the best rate-1/2, 64-state code of previous example (both
with Gray labeling). From (65) we estimate the crossover at
Ey/No = 2.95 dB, which indicates that in this case signal set
expansion yields a coding gain at almost any BER of interest.
Next, we considered two BICM codes with R = 1 bit/dim and
7 = 128, one obtained by concatenating to 4PSK the same best
rate-1/2, 64-state code and the other obtained by concatenating
to 16QAM the best rate-1/4, 64-state code [17, pp. 466-471]
(both with Gray labeling). From (65) we estimate the crossover
at B, /Ny = 9.16 dB, which indicates that in this case signal
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Fig. 13. BER of BICM for R = 2 and R = 1 with 7 = 128 (64 states). The codes are obtained by concatenating the best rate-2/3 punctured code with
8PSK., the best rate-1/2 code with 16QAM, the best rate-1/2 code with 4PSK and the best rate-1/4 code with 16QAM. Rayleigh fading with perfect CSL

set expansion yields a coding gain only at very low BER
values. The actual BER curves intersect at Ej, /Ny = 11 dB.
Finally, we can compare BICM and TCM by using bounds
on the achievable minimum Euclidean distance and code di-
versity. For BICM, we can use Heller bound and its extension
to rate k./n. codes as provided in [11]. For TCM, sphere-
packing bounds on dg, can be found in [5, Ch. 4] and references
therein. In the case of Ungerboeck’s TCM (i.e., TCM obtained
from a binary encoder for C), the code diversity is given by the

M-ary Hamming distance d;(C) of C (M = 2™), considered
as a k.-to-1 binary input M-ary output code. In this case, we
can use the upper bound on the M-ary Hamming distance of
[16]

dpr(C) < min { lkiJ +1,

g Mi=d . 2% vy
thom | M 2t —1\ |k
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TABLE 111
UrpER BOUNDS TO MINIMUM EUCLIDEAN DISTANCE AND
Cope DiversiTY FOR TCM anp BICM Cobgs For 16QAM
(AVERAGE ENERGY NORMALIZED TO 1) witH R = 3 bit/dim

Encoder BICM TCM
memory | di | do(C) | d% | du(C)

2 1.2 3 2 1

3 1.6 4 2.4 2

4 1.6 4 28 2

5 24 6 3.2 2

6 2.4 6 3.6 3

7 3.2 8 3.6 3

8 3.2 8 4 3

where v is the encoder memory (i.e., the number of states is
Ng = 2"). In particular, the code diversity of TCM is bounded
from above by |v/k.| + 1, irrespective of the encoder rate
k./m. Table III shows the bounds on the minimum Euclidean
distance and on the minimum code diversity of BICM and
TCM, for 16QAM codes with R = 3 bit/dim. As expected
from the discussions above, for the same complexity BICM
achieves better code diversity, while TCM achieves better
minimum Euclidean distance.

BICM Codes for DS/SSMA with Noncoherent Detection:
Viterbi’s orthogonal convolutional codes (OCC) have been
proposed for coding and spreading in DS/SSMA.. These codes
can be seen as TCM schemes, where a binary encoder of rate
1/m and 2™~ states is concatenated to a Hadamard mod-
ulator which generates an N = 2™-dimensional orthogonal
signal set. The binary encoder is a simple shift register, and

E/N,

Fig. 14. OBICM and OCC over AWGN with noncoherent detection. Simulation results are shown for N' = 256 only.

its generator matrix (expressed in polynomial form) is
G(D)= 1, B,D?: -+, Dy

The decoder complexity is 7 = 2™ = N. In a practical
implementation, the branch metrics can be computed by a
fast Hadamard transform, applied to the received vector y,

the N-sample sequence output by a chip matched filter [22].

With noncoherent detection and no CSI, the branch metrics
can be approximated by taking the squared magnitude of
the outputs of the Hadamard transform [17], [12], similarly
to the usual squared envelope detector used for orthogonal
noncoherent FSK [8]. From (66), we get immediately that
OCC'’s have maximal M-ary free Hamming distance d;(C) =
m (where, in this case, M = 2™ = N). Hence, the code
diversity is maximized by OCC among all the TCM schemes
with given complexity 7 = 2™. The path at M -ary distance m
from the all-zero path is originated by a single “1” entering the
shift register. Hence, OCCs have dy(C) = d(C), so that they
are not suited to BICM. In order to design a BICM scheme
for orthogonal signal sets (OBICM) with the same decoding
complexity 7 = 2™ of OCC’s (and the same demodulator
described above), we pick the optimum binary convolutional
codes of rate 1/m and 2™~ states [17, pp. 466-471]. After
ideal bit interleaving, 7n-bit labels are mapped onto the N-ary
orthogonal signal set. The resulting spectral efficiency is still,
as for OCC, R = 1/N bit/dim, but now the code diversity
is dy(C) (see Table 1V). Figs. 14 and 15 show the BER of
OCC and OBICM with noncoherent detection over AWGN and
Rayleigh fading, respectively, for N = 8, 16, 32, 64, 128, 256,
In the case of OCC, we can evaluate the union bound with
exact PEP computations obtained by following [4] (these
curves are labeled “TUB”). As for OBICM, we used out
Bhattacharyya union bound, which is fairly tight in this case.
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Fig. 15. OBICM and OCC over Rayleigh fading with noncoherent detection and no CSI. Simulation results are shown for N = 256 only.

TABLE IV
Cobe DiversiTy oF OBICM anp OCC FORrR
THE SAME DECODER COMPLEXITY AND RATE.

N || Ns | OBICM | OCC
8 E 8 3
16 8 13 4
32 || 16 20 5
64 || 32 27 6
128 || 64 36 7
256 || 128 45 8

OBICM compares favorably with OCC only for low N
over AWGN. As N increases, OCC perform better, especially
for BER > 107°. On the contrary, over Rayleigh fading,
OBICM performs better than OCC. Note also that, due to its
high code diversity, low-rate OBICM yields almost the same
performance over AWGN and Rayleigh fading. For example,
for N = 256 the performance loss at BER = 107> due to
Rayleigh fading with respect to AWGN is only 0.5 dB, while
the corresponding loss of OCC with N = 256 is about 4.5
dB. This makes OBICM an interesting solution for coded
DS/SSMA with noncoherent detection over channels where
fading may range from AWGN to Rayleigh depending on the
propagation environment.

V1. CONCLUSION

The main theme of this paper is that on some channels the
separation of demodulation and decoding might be beneficial,
provided that the encoder output is interleaved bit-wise and a
suitable soft-decision metric is used in the Viterbi decoder. A

comprehensive analysis of BICM, based on channel capacity
and cutoff rate, shows this in information-theoretical terms.
Optimum and simpler, suboptimum bit metrics are derived for
channels with and without state information at the receiver.
The central role of the labeling map is pinpointed, while
an extensive error probability analyisis, which includes the
derivation of sundry bounds and approximations, leads to
design guidelines for BICM schemes. A comprehensive set
of results suggests an array of possible applications.
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SUMMARY

This paper investigates the design of power and spectrally efficient coded modulations based on amplitude
phase shift keying (APSK) modulation with application to satellite broadband communications. APSK
represents an attractive modulation format for digital transmission over nonlinear satellite channels due to
its power and spectral efficiency combined with its inherent robustness against nonlinear distortion. For
these reasons APSK has been very recently introduced in the new standard for satellite Digital Video
Broadcasting named DVB-S2. Assuming an ideal rectangular transmission pulse, for which no nonlinear
inter-symbol interference is present and perfect pre-compensation of the nonlinearity, we optimize the
APSK constellation. In addition to the minimum distance criterion, we introduce a new optimization based
on the mutual information; this new method generates an optimum constellation for each spectral
efficiency. To achieve power efficiency jointly with low bit error rate (BER) floor we adopt a powerful
binary serially concatenated turbo-code coupled with optimal APSK modulations through bit-interleaved
coded modulation. We derive tight approximations on the maximume-likelihood decoding error
probability, and results are compared with computer simulations. The proposed coded modulation
scheme is shown to provide a considerable performance advantage compared to current standards for
satellite multimedia and broadcasting systems. Copyright © 2006 John Wiley & Sons, Ltd.

Received 1 May 2005; Revised 1 February 2006; Accepted 29 March 2006

KEY WORDS: turbo codes; amplitude-phase shift keying (APSK); modulation; bit-interleaved coded
modulation (BICM); coded modulation; nonlinear channels; satellite communications

1. INTRODUCTION

A major strength of satellite communications systems lies on their ability to efficiently broadcast
digital multi-media information over very large areas [l1]. A notable example is the
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so-called direct-to-home (DTH) digital television broadcasting. Satellite systems also provide a
unique way to complement the terrestrial telecommunication infrastructure in scarcely
populated regions. The introduction of multi-beam satellite antennas with adaptive coding
and modulation (ACM) schemes will allow an important efficiency increase for satellite systems
operating at Ku or Ka-band [2]. Those technical enhancements require the exploitation of
power- and spectrally efficient modulation schemes conceived to operate over the satellite
nonlinear channel. In this paper, we will design high-efficiency 16- and 32-ary coded modulation
schemes suited for nonlinear satellite channels. The analysis presented here is complemented in
[3] with the effects related to satellite nonlinear distortion, band-limited transmission pulse,
demodulator timing, amplitude and phase estimation errors.

To the authors’ knowledge there are few references in the literature dealing with 16-ary
constellation optimization over nonlinear channels, the typical environment for satellite
channels. Previous work showed that 16-QAM does not compare favourably with either
trellis-coded (TC) 16-PSK or uncoded 8-PSK in satellite nonlinear channels [4]. The concept of
circular APSK modulation was already proposed 30 years ago by Thomas et al. [5], where
several nonband-limited APSK sets were analysed by means of uncoded bit error rate bounds;
the suitability of APSK for nonlinear channels was also made explicit, but concluded that for
single carrier operation over nonlinear channel APSK performs worse than PSK schemes. In the
current paper, we will revert the conclusion. It should be remarked that Reference [5] mentioned
the possibility of modulator pre-compensation but did not provide performance results related
to this technique. Foschini et al. [6] optimized QAM constellations using asymptotic uncoded
probability of error under average power constraints, deriving optimal 16-ary constellation
made of an almost equilateral lattice of triangles. This result is not applicable to satellite
channels. In Reference [7] some comparison between squared QAM and circular APSK over
linear channels was performed based on the computation of the error bound parameter,
showing some minor potential advantage of APSK. Further work on mutual information for
modulations with average and peak power constraints is reported in Reference [8], which proves
the advantages of circular APSK constellations under those power constraints. Mutual
information performance loss for APSK in peak power limited Gaussian complex channels is
reported in Reference [9] and compared to classical QAM modulations; it is shown that under
this assumption APSK considerably outperforms QAM in terms of mutual information, the
gain particularly remarkable for 16- and 64-ary constellations.

Forward error correcting codes for our application must combine power efficiency and low
BER floor with flexibility and simplicity to allow for high-speed implementation. The existence
of practical, simple, and powerful such coding designs for binary modulations has been settled
with the advent of turbo codes [10] and the recent re-discovery of low-density parity-check
(LDPC) codes [11]. In parallel, the field of channel coding for nonbinary modulations has
evolved significantly in the latest years. Starting with Ungerboeck’s work on TC modulation
(TCM) [12], the approach had been to consider channel code and modulation as a single entity,
to be jointly designed and demodulated/decoded. Schemes have been published in the literature,
where turbo codes are successfully merged with TCM [13]. Nevertheless, the elegance and
simplicity of Ungerboeck’s original approach gets somewhat lost in a series of ad hoc
adaptations; in addition, the turbo-code should be jointly designed with a given modulation, a
solution impractical for system supporting several constellations. A new pragmatic paradigm
has crystallized under the name of bit-interleaved coded modulation (BICM) [13], where
extremely good results are obtained with a standard nonoptimized, code. An additional
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TURBO-CODED APSK MODULATIONS DESIGN 263

advantage of BICM is its inherent flexibility, as a single mother code can be used for several
modulations, an appealing feature for broadband satellite communication systems where a large
set of spectral efficiencies is needed.

This paper is organized as follows. Section 2 gives the system model under the ideal case of a
rectangular transmission pulse.* Section 3 gives a formal description of APSK signal sets,
describes the maximum mutual information and maximum minimum distance optimization
criteria and discusses some of the properties of the optimized constellations. Section 4 deals with
code design issues, describes the BICM approach, provides some analytical considerations based
on approximate maximum-likelihood (ML) decoding error probability bounds, and provides
some numerical results. The conclusions are finally drawn in Section 5.

2. SYSTEM MODEL

The baseband equivalent of the transmitted signal at time ¢, s7(7), is given by
L-1
st(t) = VP x(k)pr(t — KT) (1)
k=0

where P is the signal power, x(k) is the kth transmitted symbol, drawn from a complex-valued
APSK signal constellation 2, with |2| = M, pr is the transmission filter impulse response, and
T is the symbol duration (in seconds), corresponding to one channel use. Without loss of
generality, we consider transmission of frames with L symbols. The spectral efficiency R is
defined as the number of information bits conveyed at every channel use, and in measured in
bits per second per Hertz (bps/Hz).

The signal s7(7) passes through a high-power amplifier (HPA) operated close to the saturation
point. In this region, the HPA shows nonlinear characteristics that induce phase and amplitude
distortions to the transmitted signal. The amplifier is modelled by a memoryless nonlinearity,
with an output signal s,(¢) at time 7 given by

54(1) = F(sp(6))@@er+0(sr ) 2

where we have implicitly defined F(4) and ®(A4) as the AM/AM and AM/PM characteristics of
the amplifier for a signal with instantaneous signal amplitude A. The signal amplitude is the
instantaneous complex envelope, so that the baseband signal is decomposed as s7(7) =
|sT(Z)|ej(/’(S7'(‘)).

In this paper, we assume an (ideal) signal modulating a train of rectangular pulses. These
pulses do not create inter-symbol interference when passed through an amplifier operated in the
nonlinear region. Under these conditions, the channel reduces to an AWGN, where the
modulation symbols are distorted following (2). Let x4 denote the distorted symbol
corresponding to x = |x[e!?™ e Z, that is, x4 = F(|x[)el@®©+®X) After matched filtering and
sampling at time kT, the discrete-time received signal at time k, y(k) is then given by

y(k) = \/Exx4(k) + n(k), k=0,...,L—1 (3)

£This assumption has been dropped in the paper [14].
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with E; the symbol energy, given by E; = PTy, x4(k) is the symbol at the kth time instant, as
defined above, and n(k) ~ A ¢c(0, Ny) is the corresponding noise sample.

This simplified model suffices to describe the nonlinearity up to the nonlinear ISI effect, and
allows us to easily design constellation and codes. In the paper [14], the impact of nonlinear ISI
has been considered, as well as other realistic demodulation effects such as timing and phase
recovery.

3. APSK CONSTELLATION DESIGN

In this section, we define the generic multiple-ring APSK constellation family. We propose new
criteria for the design of digital QAM constellations of 16 and 32 points, with special emphasis
on the behaviour on nonlinear channels.

3.1. Constellation description

M-APSK constellations are composed of ng concentric rings, each with uniformly spaced PSK
points. The signal constellation points x are complex numbers, drawn from a set 2 given by
rei(@n/n)it0n) i=0,...,n—1 (ring1)

rpel@n/m)it0) i=0,...,np—1 (ring?2)

X = 4)

P @GP =0, n, — 1 (ring ng)

where we have defined ny, r, and 0, as the number of points, the radius and the relative phase
shift for the £th ring. We will nickname such modulations as n; + --- + n,,-APSK. Figure 1
depicts the 44 12- and 4+ 12+ 16-APSK modulations with quasi-Gray mapping. In
particular, for next generation broadband systems [2,15], the constellation sizes of interest
are |Z| = 16 and 32, with ng = 2 and 3 rings, respectively. In general, we consider that % is
normalized in energy, i.e. E[|x|*] = 1, which implies that the radii r, are normalized such that
Z'gil n,;r% = 1. Notice also that the radii r, are ordered, so that rj < --- <ry,,.

Clearly, we can also define the phase shifts and the ring radii in relative terms rather than in
absolute terms, as in (4); this removes one dimension in the optimization process, yielding a
practical advantage. We let ¢, = 0, — 0, for £ = 1, ..., ng be the phase shift of the {th ring with
respect to the inner ring. We also define p, = r;/r) for £ = 1,---,ng as the relative radii of the
(th ring with respect to r;. In particular, ¢, =0 and p, = 1.

3.2. Constellation optimization in AWGN

We are interested in finding an APSK constellation, defined by the parameters p = (py,...,p,,)
and ¢ = (¢y,...,¢,,), such that a given cost function f(2') reaches a minimum. The simplest,
and probably most natural, cost function is the minimum Euclidean distance between any two
points in the constellation. Section 3.2.1 shows the results under this criterion. These results are
extended in Section 3.2.2, where the cost function is replaced by the mutual information of the
AWGN channel; it also shown that significant gains may be achieved for low and moderate
values of signal-to-noise ratio (SNR) by fine-tuning the constellation.
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Figure 1. Parametric description and pseudo-Gray mapping of 16 and 32-APSK constellations with
n=4,nm =12, ¢, =0and ny =4, ny = 12, n3 = 16, ¢, = 0, ¢5 = n/16. For the first two rings: mapping

below corresponds to 4 4+ 12-APSK, mapping above to 4 + 12 + 16-APSK.

3.2.1. Minimum Euclidean distance maximization. The union bound on the uncoded symbol

error probability [16] yields,
&)

E|x — x/|2
2Ny

1
Pe<ﬂz ZQ

xel X'ex
X' #X
where Q(x) = 1/1/2n ["e~/? dt is the Gaussian tail function. At high SNR Equation (5) is
dominated by the pairwise term at minimum squared Euclidean distance 5r2nin = miny ver
|x — x'|>. Due to the monotonicity of the Q function, it is clear that maximizing this distance

optimizes the error performance estimated with the union bound at high SNR.

The minimum distance of the constellation depends on the number of rings ng, the number of
<y My, the radii 7y, ..., 7,,, and the offset among the rings ¢y,...,¢,..

points in each ring ny,..
The constellation geometry clearly indicates that the distances to consider are between points
belonging to the same ring, or between points in adjacent rings. Simple calculations give the
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5§ingi = 2r? [1 — Ccos (i—n)} (6)

for the distance between points in ith ring, with radius r; and »; points. For the adjacent rings the
calculation is only slightly more complicated, and gives the following:

2 2,2 L
6rings il =1 — 2ririi1 cos 6 (7)

following formula,

where 0 is the minimum relative offset between any pair of points of rings 7 and 7+ 1,
respectively. As the phase of point /; in ring 7 is given by ¢, + 2nl;/n;, we easily obtain:

0 = i, — o)+ 20— 1) ®

ini1 ni Ny

The minimum distance of the constellation is given by taking the minimum of all these inter-ring

and intra-ring values:

0. = min {0, ;03 } )
= R

min ring > Yrings j,j+1

For the sake of space limitations, we concentrate on 16-ary constellations. Thanks to
symmetry considerations, is clear that the best offset between rings happens when ¢, = n/n;.
Figure 2 shows the minimum distance for several candidates: 4 4+ 12-, 6 + 10-, 5+ 11 and
1+ 5+ 10-APSK. It may be observed that the highest minimum distance is achieved for
approximately p, = 2.0, except for 4 + 12-APSK, where p, = 2.7. The results for ¢ = 0 are also
plotted, and show that the corresponding minimum distance is smaller. We will see later in
Section 3.2.2 how this effect translates into error rate performance.

3.2.2. Mutual information maximization. The mutual information (assuming equiprobable
symbols) for a given signal set Z provides the maximum transmission rate (in bits/channel
use) at which error-free transmission is possible with such signal set, and is given by (e.g.

Reference [13]),
2
)} o

Interestingly, for a given SNR, or equivalently, for a given spectral efficiency R, an optimum
constellation can be obtained, a procedure we apply in the following to 16- and 32-ary
constellations.

In general, closed-form optimization of this expression is a daunting task, so we resort to
numerical techniques. Expression (10) can be easily evaluated by using the Gauss—Hermite
quadrature rules, making numerical evaluation very simple. Note, however, that it is possible to
calculate a closed-form expression for the asymptotic case E;/Ny — +o00. First, note that the
expectation in Equation (10) can be rewritten as

NZ) = [Ex,n{logz [Z exp (—NL (Es|x —XP+2 Re<\/fx(x — x’)n>)>] } (11)

xX'ex 0

2

— |n

) = C = log, M — [Ex,n{log2 [Z exp <_]\1’0‘ VE—x)

X'ex

Using the dominated convergence theorem [17], the influence of the noise term vanishes
asymptotically, since the limit can be pushed inside the expectation. Furthermore, the only
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Figure 2. Minimum Euclidean distances for several 16-ary signal constellations. Solid lines correspond
to ¢ = n/ny; dotted lines to ¢ = 0.

remaining terms in the summation over x' € 2 are x' = x and those closest in Euclidean
. . 2 . .
distance 5I2nin = minyez|x — x|, of which there are np,(x). Therefore the expectation
becomes

W) ~ [Ex{logz [1 + min(X)exp (-Ni Eséfninﬂ } (12)
0

Noting that the exponential takes very small values, the approximation log,(1 + x) ~ xlog, e
for |x| << 1 holds, thus by simplifying further the expectation we obtain:

N ~ [Ex{nmin(x)exp (—méfnin>10g2 e} ~ oexp (‘V})éfnin) (13)

where o is a constant that does not depend on the constellation minimum distance J.,;, nor on
SNR. Then the capacity at large SNR becomes:

E;
f(Z) =log, M — aexp(—— 5fm) (14)
No

It appears then clear that the procedure corresponds to the maximization of the minimum
Euclidean distance, as in Section 3.2.1.

Figure 3 shows the numerical evaluation of Equation (10) for a given range of values of p,
and ¢ = ¢, — ¢, for the 4 + 12-APSK constellation at E;/Ny = 12 dB. Surprisingly, there is no
noticeable dependence on ¢. Therefore, the two-dimensional optimization can be done by
simply finding the p, that maximizes mutual information. This result was found to hold
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C(bit/s/Hz)

Figure 3. Capacity surface for the 16-APSK (n; = 4, n, = 12), with E;/N, = 12 dB.

true also for the other constellations and hence, in the following, mutual information optimization
results do not account for ¢. Figure 4 shows the union bound on the symbol error probability (5)
for several 16-APSK modulations, and for the optimum value of p, at R = 3 bps/Hz (found with
the mutual information analysis). Continuous lines indicate ¢ = 0 while dotted lines refer to the
maximum value of the relative phase shift, i.e. ¢ = n/n,, showing no dependence on ¢ at high
SNR. This absence of dependency is justified by the fact that the optimum constellation separates
the rings by a distance larger than the number of points in the ring itself, so that the relative phase
¢ has no significant impact in the distance spectrum of the constellation.

For 16-APSK it is also interesting to investigate the mutual information dependency on 7
and ny. Figure 5(a) depicts the mutual information curves for several configurations of
optimized 16-APSK constellations and compared with classical 16-QAM and 16-PSK signal
sets. As we can observe, mutual information curves are very close to each other, showing a slight
advantage of 6 + 10-APSK over the rest. In particular, note that there is a small gain, of about
0.1dB, in using the optimized constellation for every R, rather than the calculated with the
minimum distance (or high SNR). However, as discussed in Reference [14], 6 + 10-APSK and
1 4+ 54 10-APSK show other disadvantages compared to 4 + 12-APSK for phase recovery and
nonlinear channel behaviour.

Similarly, Figure 5(b) reports capacity of optimized 4 + 12 + 16-APSK (with the correspond-
ing optimal values of p, and p;) compared to 32-QAM and 32-PSK. We observe slight
capacity gain of 32-APSK over PSK and QAM constellations. Other 32-APSK constellations
with different distribution of points in the three rings did not provide significantly better
results.

Finally Table I provides the optimized 16- and 32-APSK parameters for various coding rates,
giving an optimum constellation for each given spectral efficiency.
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N SER for different uncoded APSK modulations (p opt for R = 3 bit/s/Hz)
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Figure 4. Union bound on the uncoded symbol error probability for several APSK modulations. Note that
the continuous line and the dashed line are indistinguishable because they are superimposed.

3.3. Constellation optimization for nonlinear channels

3.3.1. Peak-to-envelope considerations. For nonlinear transmission over an amplifier, 4 4 12-
APSK is preferable to 6 + 10-APSK because the presence of more points in the outer ring allows
to maximize the HPA DC power conversion efficiency. It is better to reduce the number of inner
points, as they are transmitted at a lower power, which corresponds a lower DC efficiency. It is
known that the HPA power conversion efficiency is monotonic with the input power drive up to
its saturation point. Figure 6 shows the distribution of the transmitted signal envelope for
16-QAM, 4 + 12-APSK, 6 + 10-APSK, 5+ 11-APSK, and 16-PSK. In this case, the shaping
filter is a square-root raised cosine (SRRC) with a roll-off factor o = 0.35 as for the DVB-S2
standard [15]. As we observe, the 4 + 12-APSK envelope is more concentrated around the outer
ring amplitude than 16-QAM and 6 + 10-PSK, being remarkably close to the 16-PSK case. This
shows that the selected constellation represents a good trade-off between 16-QAM and 16-PSK,
with error performance close to 16-QAM, and resilience to nonlinearity close to 16-PSK.
Therefore, 4 + 12+APSK is preferable to the rest of 16-ary modulations considered. Similar
advantages have been observed for 32-APSK compared to 32-QAM.

3.3.2. Static distortion compensation. The simplest approach for counteracting the HPA
nonlinear characteristic for the APSK signal, as already introduced in Section 2, is to modify the
complex-valued constellation points at the modulator side. Thanks to the multiple-ring nature
of the APSK constellation, pre-compensation is easily done by a simple modification of the
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Figure 5. Capacity and p°P* for the optimized APSK signal constellations vs QAM and PSK: (a) 16-ary
constellations (zoom around 3 bps/Hz); and (b) 32-ary constellations.

parameters p,, and ¢,. The objective is to exploit the known AM/AM and AM/PM HPA
characteristics in order to obtain a good replica of the desired signal constellation geometry after
the HPA, as if it had not suffered any distortion. This can be simply obtained by artificially
increasing the relative radii p, and modifying the relative phases ¢, at the modulator side. This
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Table I. Optimized constellation parameters for 16- ary and 32-ary APSK.

Modulation order Coding rate, r Spectral eff. (bps/Hz) o™ o™
4+ 12-APSK 2/3 2.67 3.15 N/A
4 4+ 12-APSK 3/4 3.00 2.85 N/A
4 4+ 12-APSK 4/5 3.20 2.75 N/A
4+ 12-APSK 5/6 3.33 2.70 N/A
4+ 12-APSK 8/9 3.56 2.60 N/A
4 4+ 12-APSK 9/10 3.60 2.57 N/A
44+ 12 4+ 16-APSK 3/4 3.75 2.84 5.27
4+ 12+ 16-APSK 4/5 4.00 2.72 4.87
4+ 12 4+ 16-APSK 5/6 4.17 2.64 4.64
4412 4+ 16-APSK 8/9 4.44 2.54 4.33
4+ 12+ 16-APSK 9/10 4.50 2.53 4.30

16 QAM a
—— 4412 APSK p=2.8 R

- 5+11 APSK p=2.65
— 6+10 APSK p=2.5 |
— - 16 PSK |

Signal power (dB)

Figure 6. Simulated histogram of the transmitted signal envelope power for 16-ary constellations.

approach neglects nonlinear ISI effects at the matched filter output which are not present under
the current assumption of rectangular symbols; ISI issues has been discussed in Reference [14].

In the 16-ary APSK case, the new constellation points x’ follow (4), with new radii r}, r, such
that F(r}) = ri, and F(r}) = r». Concerning the phase, it is possible to pre-correct for the relative
phase offset introduced by the HPA between inner and outer ring by simply changing the
relative phase shift by ¢ = ¢, + A¢, with A = ¢(y) — ¢(r}). These operations can be readily
implemented in the digital modulator by simply modifying the reference constellation
parameters p’, ¢, with no hardware complexity impact or out-of-band emission increase at the
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linear modulator output. On the other side, this allows to shift all the compensation effort into
the modulator side allowing the use of an optimal demodulator/decoder for AWGN channels
even when the amplifier is close to saturation. The pre-compensated signal expression at the
modulator output is then

L—1
S7E =Py X Rpr(t — kT (15)
k=0

where now x(k) € 2" are the pre-distorted symbols with #, and ¢} for £ =1,...,ng.

4. FORWARD ERROR CORRECTION CODE DESIGN AND PERFORMANCE

In this section, we describe the coupling of turbo-codes and the APSK signal constellations
through BICM and we discuss some of the properties of this approach.’ As already mentioned
in Section 1, such approach is a good candidate for flexible constellation format transmission.
The main drivers for the selection of the FEC code have been flexibility, i.e. use a single mother
code, independently of the modulation and code rates; complexity, i.e. have a code as compact
and simple as possible; and good performance, i.e. approach Shannon’s capacity bound as much
as possible.

We consider throughout a coded modulation scheme for which the transmitted symbols

x = (xp,...,xz_1) are obtained as follows: (1) The information bits sequence a = (ag, ..., dx_1)
is encoded with a binary code % e [F;V of rate r=K/N; (2) the encoded sequence
¢ =1(co,...,cn_1) € F is bit-interleaved, with an index permutation © = (wg,...,7y_1); (3) the

bit-interleaved sequence ¢, is mapped to a sequence of modulation symbols x with a labelling
rule p : I]:éw — 2, such that u(a,,...,ay) = x. In addition to the description of the code, we also
propose the use of some new heuristics to tune the final design of the BICM codes.

4.1. Code design

It was suggested in Reference [13] that the binary code % can be optimized for a binary channel
(such as BPSK or QPSK with AWGN). We substantiate this claim with some further insights on
the effect of the code minimum distance in the error performance. The Bhattachharyya union
bound (BUB) on the frame error probability P, for a BICM modulation assuming that no
iterations are performed at the demapper side is given by [13]:

P.<)  A(d)B(E,/No)' (16)
d

where A(d) is the number of codewords at a Hamming distance d, du;, is the minimum
Hamming distance, with B(E;/Ny) denoting the Bhattachharyya factor, which is given by

1 lOiM 21: Z ; ZZE%:‘:E eXp(—(l/N0)|x —z4+ nlz)
M log, M n > er,, exp(—(1/No)|lx — z + e

i=1 b=0 xeZi-

B(E,/No) =

$The optimization method based on the mutual information proposed in Section 3.2.2 can be easily extended to the case
of the BICM mutual information [13] with almost identical results assuming Gray mapping. However, we use the
proposed method in order to keep the discussion general and not dependent on the selected coding scheme.
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Figure 7. Lower bound dy vs normalized E;/N, for target P, = 104,1077, QPSK and 16- and 32-ary
modulations and Gray labelling.

where 21—, = {x € Z|u; '(x) = b}, where u; !(x) = b denotes that the ith position of binary label
x is equal to b. Equation (17) can be evaluated very efficiently using the Gauss—Hermite
quadrature rules. For sufficiently large E;/ N, the BUB in Equation (5) is dominated by the term
at minimum distance, i.e. the error floor

Pe:Ad

min

B(E,/No)™" (18)

From this equation, we can derive an easy lower bound on the ¢y on the minimum distance of %
for a given target error rate, modulation, and number of codewords at dy;,:

log P, — log Ay

dimin =ldy]  where dy = s B inin (19)

where [x] denotes the smallest integer greater or equal to x. Notice that the target error rate is
fixed to be the error floor under ML decoding.” The lowest error probability floor is achieved by
a code ¥ with 4, = 1. Figure 7 shows the lower bound dy with 4, =1, as a function of
E;/Ny for target P, = 1074,1077, QPSK, 16-QAM, 16- and 32-APSK modulations and Gray

labelling. In order to ease the comparison, a normalized SNR is used, defined as
E, norm E, 1
_- s — (2())
No No 2R — 1

T Although this does not necessarily hold under iterative decoding, it does still provide a useful guideline into the
performance.
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where R is the spectral efficiency, and the normalization is thus to the channel capacity. The
code rate has been taken r = 3/4 for all cases. Note that a capacity-achieving pair modulation-
code would work at a normalized E;/No|"™ =1 or 0dB.

A remarkable conclusion is that BICM with Gray mapping preserves the properties of €
regardless of the modulation used, since we observe that the requirements for nonbinary
modulations are similar to those for binary modulations (in the error-floor region). In order to
work at about 3dB from capacity, that is, a normalized E;/Ny|"*™ = 3 dB, the needed d is
about 5 and 10 for a frame error rate of 107 and 1077, respectively.

We consider that % is a serial concatenatation of convolutional codes (SCCC) [18], with
outer code %° of length Lo and rate ro and inner code %' of length L; and rate ry.
Obviously, Ly =N and rory =r. The resulting spectral efficiency is R =rlog, M. It
provides two key advantages with respect to parallel turbo codes: lower error floor,
possibly achieving the bit error rate requirements (BER <107!°) without any external
code; and simpler constituent codes simpler than in turbo codes or in classical concatenated
codes. In addition, with an SCCC the outer code is fully integrated into the decoding
process, which includes iterations between decoding stages for the inner and outer codes.
This avoids the need to use an additional external code, such as a Reed—Solomon (and its
associated interleaver). In some sense, the outer code is already included in the SCCC code,
thus saving one extra encoding/decoding step, and one memory level, therefore reducing the
required complexity.

The best choice in terms of low error floor forces the lowest possible rate for the outer
encoder, as this maximizes the interleaver gain, which increases exponentially with the outer
code free distance [18]. We should then set the outer code rate equal to the total code rate, and
the inner code rate to 1. Also, it turns out that the best choice for the inner encoder is the two-
state differential encoder also known as ‘accumulator’. It meets the requirements of simplicity, it
is ‘almost’ systematic, in the sense that the dependency among the bits in its output sequence is
very mild, and moreover, it is recursive as imposed by the design rules of SCCCs for the inner
encoder. Last but not least, this choice leads to a very simple inner SISO, a highly desirable
feature for a design working at high data rates.

In practice the maximum block length to be used shall be selected accounting for the
maximum allowed end-to-end latency and decoder complexity. One recent finding [19] allows to
split an arbitrary block interleaver in an arbitrary number of smaller nonoverlapping
interleavers. This allows to greatly reduce the decoder complexity when parallel SISO units
are used to achieve high-speed decoding as memory requirements does not increase with the
degree of parallelism.

As an outer code, we have selected the standard binary 16-state convolutional code, rate 3/4
[20]. Its free distance is 4, large enough so that interleaving gain can be achieved, and the
minimum distance of the concatenated code grows towards infinity with the blocklength [21].
Furthermore, and if required, the code may be punctured to higher rates [22], with no loss in the
code distance. Further numerical results are presented in Section 4.3.

4.2. Demodulation

Decoding of BICM consists of a concatenation of two steps, namely maximum-a posteriori
(MAP) soft-input soft-output (SISO) demapper (symbol-to-bit likelihood computer), and a
MAP SISO decoder of %. These two steps exchange extrinsic information messages 11,4 (from
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the demapper to the SISO decoder of %), and my_,, (from the SISO decoder of ¥ to the
demapper) through the iterations. Extrinsic information messages m (or metrics) can be in the
form of likelihood probabilities, log-likelihood ratios or some combination or approximation
of them. When either ¥° or %', or both, are convolutional codes, MAP SISO decoding
is efficiently computed by the BCJR algorithm [23]. For example, the extrinsic log-likelihood
ratio corresponding to m,_¢ for the ith coded bit of the kth symbol and /th iteration is
given by

-1
ngg(‘,.zo P(Ylx) Hi#i ngqz(ck,j)

-1
Sver, PO T 25 Pe_i(ery)

where p(yk|x) oc exp(—(1/No)lyk — \/Ex|2), Pfé)_, ,(¢) denotes the extrinsic probability message
corresponding to my_,, on the coded bit ¢ at the /th iteration.

There is a marginal information loss in considering no iterations at the demodulator
side when Gray mapping is used for transmitting high rates [13], i.e. Pg__}:(ck j)=20.5
implies almost no loss in spectral efficiency using Gray mapping. When demapper iterations
are allowed, Gray mapping is known not to gain through the iterations [24]. Moreover,
when other mapping rules are used, scheduling the operations for such decoder (a SCC
with BICM) can be a very complicated task and has been solved only for N — oo (see e.g.
Reference [25] for recent results on the subject). For all these aforementioned reasons, we
will assume Gray mapping and that information flows from demodulator to decoder only,
with no feed-back.

A(Cg,)i) = log (21)

4.3. Performance analysis

Density evolution (or approximations such as EXIT charts [24]) of such turbo-coded BICM is a
very complicated task due to the concatenation of three elements exchanging extrinsic
information messages through the iterations. Such techniques lead in general to three-
dimensional surfaces which are difficult to deal with in practical decoding algorithms for finite
length codes [25]. We will therefore resort to a mixture of computer simulations and bounds on
maximum likelihood (ML) decoding error probability. Regarding convergence, simulations can
accurately estimate the values of Ej,/Nj at which the decoding algorithm does not converge, as
will be shown shortly.

We denote the binary-input channel between the modulator and demodulator as the
equivalent binary-input BICM channel. It has been recently shown [26] that such channel can be
very well approximated as AWGN/! with SNR y = —log B(E,/N,). Therefore, standard bounds
for binary-input channels can be successfully applied here. In particular, the standard union
bound (UB) yields

P.5 ) AsQ(\/~2dlog B(Es/No) (22)
d
At high SNR, (16) and (22) are dominated by the pairwise terms corresponding to the few

codewords with low Hamming distance (error floor). When turbo-like codes are used, union
bounding techniques are known not to provide good estimates of the error probability,

I'Notice that the Gaussian approximation (GA) is common practice in density evolution techniques [24].

Copyright © 2006 John Wiley & Sons, Ltd. Int. J. Satell. Commun. Network. 2006; 24:261-281
DOI: 10.1002/sat

67



276 R. DE GAUDENZI, A. GUILLEN I FABREGAS AND A. MARTINEZ
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Figure 8. Bit-error probability bounds and simulations for BPSK and 16-APSK (n; =4 and n, = 12)

and 32-APSK (n; =4, n, = 12 and n; = 16) with pseudo-Gray labelling: (a) RA code with » = 1/4 and

K = 512 information bits per frame; and (b) SCCC with rate 3/4 16 states convolutional code as outer code
and inner accumulator with N = 5000.
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and one typically resorts to improved bounds such as the tangential-sphere bound

(TSB) [27],
oo le 2 /12 —(N—1 r.
Prg e/ T ——, 2
r= /90 V. 27102e | { < 2 ’20'2>

(N =22 = B\ [ (B o7
. Adr< —an ){Q(%)—Q(;)] (23)

d:3/2<u;

where T'(a, x) = (1/T(a)) fdx 1“~'e~" dt is the normalized incomplete gamma function and I'(x) =
f,7 " e~"dt is the gamma function,

o® = (—2log B(Es/Ny))~! (24)
r;, = r(l —z;/4R) (25)
Bs(z1) = (r-, /A/ 1 — 67 J4R2)(5/2r) (26)

a5 =ry/1 — 6% /4R? (27)

R2=N, o= 2\/3 and r, the cone radius, is the solution of

Ok
S g [ sin g = VAT = /2T = 1)) (28)

d:3/2<ud

with
0 = cos ' ((8/2r)(1/4/ 1 — 8% /4R?)) (29)

Figure 8 shows the bit-error probability bounds using the Gaussian approximation, Equation
(22) and simulations for BPSK, 4 + 12-APSK and 4 + 12 + 16-APSK with the pseudo-Gray
labellings of Figure 1. In particular, in Figure 8(a) we use a repeat and accumulate (RA) code
[28] with r = 1/4 and K = 512 information bits per frame. In this case, the weight enumerator
can be computed in closed form [28]. We observe that as expected BICM preserves the
properties of the underlying binary code %, since both waterfall and floor occur at almost the
same probability values. We also observe that the approximations in Equations (22) and (23) are
very accurate and yield much better error probability estimates than the standard
Bhattacharyya bound. Same conclusions apply to Figure 8(b) where we use a SCCC with the
optimal 16 states r = 3/4 convolutional code as outer code and inner accumulator, with
interleaver size N = 5000. Storage limitations prevent us from showing the curves for larger N.
However, we observe that already with N = 5000, we have very low error floors. In particular,
in the DVB-S2 application, the interleaver size is set to 16200 or 64 000, which implies that
almost-error-free transmission is possible with such code.
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Turbo APSK vs TCM APSK, N=16200 interleaver size
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Figure 9. Turbo-coded APSK with N = 16200 vs 4 4+ 12-TCM.

Finally, Figure 9, shows the simulated BER performance for the same SCCC with the optimal
16 states r = 3/4 convolutional code as outer code and inner accumulator, with interleaver size
N =16200"" with 4 + 12-APSK, 16-QAM, 4 + 12 + 16-APSK and 32-QAM. For the sake of
comparison, we also plot the BER for a 4 + 12-APSK with a 16 states TCM, typical of satellite
systems current standard [1]. As we observe, the SCCC codes yield a substantial performance
improvement with respect to TCM. In the TCM case, one usually concatenates a Reed—
Solomon code operating at an input BER of 1074, which usually diminishes the spectral
efficiency and increases the receiver complexity. Notice as well that 32-APSK achieves a better
performance than 32-QAM, giving a further justification to the use of modulations in the APSK
family instead of the classical QAM.

5. CONCLUSIONS
Extensive analysis and simulations for turbo-coded APSK modulations, with particular
emphasis on its applicability to satellite broadband communications have been presented in this

paper. In particular, we have investigated APSK constellation optimization under mutual
information and minimum Euclidean distance criteria, under the simplified assumption of

“"The selected FEC block size ensures that the FEC floor is well below the required BER of 10710 for satellite
broadcasting systems.
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rectangularly shaped transmission pulses. We have shown that the degrees of freedom in the
design of an APSK modulation can be exploited thanks to the mutual information
maximization, and this has been applied to the design of 16- and 32-ary constellations. This
technique has been shown to extend the standard minimum Euclidean distance maximization,
yielding a small but significant improvement.

The pragmatic approach of BICM allows for a good coupling between such optimized APSK
modulations with powerful binary turbo-codes, due to its inherent flexibility for multiple-rate
transmission. Some new heuristics have been used to further justify the design of a single mother
code to be used for all rates. A theoretical explanation of the the fact that the error floor typical
of turbo codes remains at a constant distance from capacity has been presented. We have
presented some new ML decoding error probability bounds for BICM APSK, and we have
compared them with simulations findings. Numerical results based on simulation of bit-error
rate probability for high rate transmission with turbo-coded APSK have been presented,
showing large advantage of the presented scheme over standard TCM.
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