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Abstract—In this paper we review the most peculiar and and volume of digital wireless communications over almost
interesting information-theoretic and communications features of every possible media and for a variety of purposes (be it
fading channels. We first describe the statistical models of fading cellular, personal, data networks, including the ambitious

channels which are frequently used in the analysis and design . . . . .
of communication systems. Next, we focus on the information wireless high rate ATM networ!(s, .p0|nt-to-p0|'nt microwave
theory of fading channels, by emphasizing capacity as the most systems, underwater communications, satellite communica-
important performance measure. Both single-user and multiuser tions, etc.) plays a dramatic role in this trend. Evidently
transmission are examined. Further, we describe how the struc- these technological developments and the digital wireless
ture of fading channels impacts code design, and finally overview o, nications demand motivate and encourage vigorous
equalization of fading multipath channels. . . . . X .
information-theoretical studies of the most relevant issues in an
_ Index Terms—Capacity, coding, equalization, fading channels, effort to identify and assess the potential of optimal or close-to-
information theory, multiuser communications, wireless systems. optimal communications methods. This renaissance of studies
bore fruits and has already led to interesting and very relevant
I. INTRODUCTION results which matured to a large degree the understanding
HE theory for Gaussian dispersive channels, wheth@ communications through fading. media}, under.a variety (?f
T time-invariant or variant, has been well established f&Pnstraints and models. The footprints of information-theoretic
decades with new touches motivated by practical technologi€Qsiderations are evidenced in many state-of-the-art coding
achievements, reported systematically over the years (S¥St€ms. Typical examples are the space-time codes, which
[2], [62], [64], [94], [114], [122], [223], [225], [267] for attempt t_o be.nefllt from th_e Qramatlc increase in capacny of
some recent developments). Neither the treatment of statistiggftia! diversity in transmission and reception, i.e., multiple
time-varying channels is new in information theory, and iffanSmit and receive antennas [92], [226], [280], [281], [283].
fact by now this topic is considered as classic [64], witﬂ-h,e recently introduced eff|C|en_tt.urbo-c0ded multilevel mod_u-
Shannon himself contributing to some of its aspects [261] (siion schemes [133] and the bit interleaved coded modulation
[164] for a recent tutorial exposition, and references thereirt?'CM)_ [42], as a special case, were motivated by information-
Fading phenomena were also carefully studied by informatioffl€oretic arguments demonstrating remarkable close to the
theoretic tools for a long time. However, it is only relatively!ltimate capacity limit performance in the Gaussian and fading
recently that information-theoretic study of increasingly confhannels. Equalization whether explicit or implicit is an inher-
plicated fading channel models, under a variety of interestifgt Part of communications over time-varying fading channels,
and strongly practically related constraints has accelerated 187 information theory has a role here as well. This is
degree where its impact of the whole issue of communicatiofiginly reflected by the sensitivity of the information-theoretic
in a fading regime is notable also by nonspecialists of infolredictions to errors in the estimated channel parameters on
mation theory. Harnessing information-theoretic tools to tH¥1€ hand, and the extra effort (if any) ratewise, needed to
investigation of fading channels, in the widest sense of tHigck accurately the time-varying channel. Clearly, information
notion, has not only resulted in an enhanced understandifgory provides also a yardstick by which the efficiency
of the potential and limitations of those channels, but in faéf equalization methods is to be measured, and that is by
Information Theory provided in numerous occasions the rigftermining the ultimate limit of communications on the given
guidance to the specific design of efficient communicatio§§annel model, under prescribed assumptions (say channel
systems. Doubtless, the rapid advance in technology on fiate parameters not available to either transmitter or receiver),

one hand and the exploding demand for efficient high-qualiithout an explicit partition to equalization and decoding. In
fact, the intimate relation among pure information-theoretic
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but has enriched information theory itself, and introduceskarching standard databases. Neither do we present references
interesting notions. This is illustrated by the notion of delayin their historical order of development, and in general, when
limited capacity [127], [43], the polymatroidal property of theelevant, we reference books or later references, where the
multiple-user capacity region [290], and the like. It is theriginal and older references can be traced, without giving
practical constraints to which various communications systernie well-deserved credit to the original first contribution. Due
are subjected which gave rise to new notions, as the “deldg- the extensive information-theoretic study of this subject,
limited capacity region” [127], capacity versus outage [210§ccelerating at an increased pace in recent years, no tutorial
generalized random TDMA accessing [155], and attacheaposition and a reference list can be considered updated by
practical meaning to purely theoretical results, as capacttye day it is published, and ours is no exception.

regions with mismatched nearest neighbor decoding [161]The paper is organized as follows. Section Il introduces
and many related techniques, and results derived for finiteeveral models of fading multipath channels used in the
state, compound, and arbitrarily varying channels. The bodysifbsequent sections of the paper. Section Il focuses on
the recently developed information-theoretic results not onigformation-theoretic aspects of communication through fad-
enriched the field of information theory by introducing neving channels. Section IV deals with channel coding and
techniques, useful also in other settings, and provided intelecoding techniques and their performance. Finally, Section V
esting, unexpected outcomes (as, for example, the benefifimluses on equalization techniques for suppressing intersymbol
effect of fading in certain simple cellular models [268]), buinterference and multiple-access interference.

also made information theory a viable and relevant tool, not
only to information theorists, scientists, and mathematicians,
as it always was since its advent by C. E. Shannon 50 o ) ]
years ago, but also to the communication system engineePtatistical models for fading multipath channels are de-
and designer. On the other hand, this extensive (maybe &§§iPed in detail in [223], [441], and [459]. In this section we
extensive) information-theoretic study of this wide-ranginaha" briefly d_escrlbe the statistical m.odels of fadlng muItlpat.h
issue of fading channels, does not always bear worthy fruif§1annels which are frequently used in the analysis and design
There is a substantial amount of overlap among studies, dfgcommunication systems.

not all contributions (mildly speaking) provide interesting,
novel, and insightful results. One of the more importart. The Scattering Function and Related Channel Parameters

goals of this exposition is to try to minimize the overlap in A fading multipath channel is generally characterized as
research by providing a reasonable, even if only very partigl linear, time-varying system having an (equivalent lowpass)
scan of direCtly relevant literature. There are also numerowﬁpube responsdt;r,—) (Oratime-varying frequency response
misconceptions spread in the literature of some informatiocr‘(t;f)) which is a wide-sense stationary random process in
theoretic predictions and their implication on practical systemge ¢-variable. Time variations in the channel impulse response
In our exposition here we hope to dispel some of thesgy frequency response result in frequency spreading, generally
while drawing attention to the delicate interplay betweegalled Doppler spreading, of the signal transmitted through
central notions and their interpretation in the realm of practic@de channel. Multipath propagation results in spreading the
systems operating on fading channels. transmitted signal in time. Consequently, a fading multipath
Our goal here is to review the most peculiar and interestiR@annel may be generally characterized as a doubly spread
information-theoretic features of fading channels, and prehannel in time and frequency.
vide reference for other information-theoretic developments By assuming that the multipath signals propagating through
which follow a more standard classical line. We wish alsghe channel at different delays are uncorrelated (a wide-
to emphasize the inherent connection and direct implicatioggnse stationary uncorrelated scattering, or WSSUS, channel)
of information-theoretic arguments on specific coding angldoubly spread channel may be characterized by the scattering
equalization procedures for the wide class of fading chann@lgction S(7;\), which is a measure of the power spectrum of
[337]. This exposition certainly reflects subjective taste anfde channel at delay and frequency offsek (relative to the
inclinations, and we apologize to those readers and workersciirrier frequency). From the scattering function, we obtain the
the field with different preferences. The reference list here #&lay power spectrurof the channel (also called timeultipath
by no means complete. It is enough to say that only a smaitensity profilg by simply averagings(r; A) over A, i.e.,
fraction of the relevant classical Russian literature [73]—-[76],
[199], [203]-[209], [265], [293]-[295] usually overlooked by Su(r) = /Oo S(r: ) dA. 2.1.1)
most Western workers in this specific topic, appears in our —oo
reference list. For more references, see the list in [75]. How-
ever, an effort has been made to make this reference Iist,SA
combined with the reference lists of all the hereby referenced =
papers, a rather extensive exposition of the literature (still not Se(A) = / S(r;A)dr.
full, as many of the contributions are unpublished reports or 0
theses. See [227] and [282] for examples). Therefore, and duf he range of values over which the delay power spectrum
to space limitations, we sometimes refrain from mentioning.(7) is nonzero is defined as the multipath sprég of
relevant references that can be found in the cited papers ortbg channel. Similarly, the range of values over which the

II. CHANNEL MODELS

gﬂlarly, the Doppler power spectrum is

(2.1.2)



BIGLIERI et al. FADING CHANNELS: INFORMATION-THEORETIC AND COMMUNICATIONS ASPECTS 2621

Doppler power spectrun$.(A) is nonzero is defined as the
Doppler spreadB, of the channel.

The value of the Doppler spreds|; provides a measure of
how rapidly the channel impulse response varies in time. Th%(t) r(t)
larger the value ofB,, the more rapidly the channel impulse X
response is changing with time. This leads us to define anoth8pPut
channel parameter, called tbbannel coherence timg..;, as

Output

1 o(t)er®®
Teoh = - 2.13
=5 (2.1.3)

Fig. 1. The multiplicative channel model.
Thus a slowly fading channel has a large coherence time
and a fast fading channel has a small coherence time. Th
relationship in (2.1.3) is rigorously established in [223] from
the channel correlation functions and the Doppler power oo o
Spectrim ) =Cto) [ Xy

In a similar manner, we define thehannel coherence

%or the frequency-nonselective channel, (2.2.1) simplifies to

_ ) . . =C(t)x(t)
bandwidthB..;, as the reciprocal of the multipath spread, i.e., — (t)e"e(%: ) (2.2.2)
1 .
Booh = 7 (2.1.4) where, by definition,C(t;0) = «(t)e’®® a(t) represents

the envelope and(t) represents the phase of the equivalent

Beon provides us with a measure of the width of the ban@wpass channel response.

of frequencies which are similarly affected by the channel Thus a frequency-nonselective fading channel has a time-

response, i.e., the width of the frequency band over whi¥&rying multiplicative effect on the transmitted signal. In

the fading is highly correlated. this case, the multipath components of the channel are not
The productT,,B, is called thespread factorof the resolvable because the signal bandwibith< Beon = 1/Tn.

channel. IfT;,,B, < 1, the channel is said to henderspread Equivalently,7;,, < 1/W. Fig. 1 illustrates the multiplicative

otherwise, it isoverspread Generally, if the spread factorchannel model. _ o _

TmBy < 1, the channel impulse response can be easilyA frequency-nonselective channel is said tostevly fading

measured and that measurement can be used at the receivli):thﬂa time duration of a transmitted symbol, definediasis

the demodulation of the received signal and at the transmitfgpich smaller than the coherence time of the channel, i.e.,

to optimize the transmitted signal. Measurement of the chandel < Zcon- Equivalently, T, < 1/By4 or By < 1/T;. Since,

impulse response is extremely difficult and unreliable, if nd general, the signal bandwidi’ > 1/7;, it follows that a

impossible, when the spread factby, B, > 1. slowly fading, frequency-nonselective channel is underspread.

We may also define eapidly fading channebs one which

. isfi i > .
B. Frequency-Nonselective Channel: satisfies the relatio, > Teon

Multiplicative Channel Model )
) i . C. Frequency-Selective Channel: The Tapped
Let us now consider the effect of the transmitted S|gnge|ay Line Channel Model

characteristics on the selection of the channel model that is ) ) .
appropriate for the specified signal. Lett) be the equivalent When the transmitted signak'(f) has a bandwidthiV
lowpass signal transmitted over the channel and.¥étf) greater than the coherence bandwidth,, of the channel,

denote its frequency content. Then, the equivalent lowpdS§ frequency components &f( f) with frequency separation
received signal, exclusive of additive noise, is exceedingB..,, are subjected to different gains and phase

shifts. In such a case, the channel is said tofleguency-

0 selective Additional distortion is caused by the time variations
r(t) = / c(t; T)x(t — T)dr in C(t; f), which is the fading effect that is evidenced as a
o time variation in the received signal strength of the frequency
= / C(t;: )X (f)e?*™t df. (2.2.1) components inX(f).
—oo WhenW > B..., the multipath components in the channel

. . response that are separated in delay by at lea8t are
Ncl)lw, tshuppc:ﬁe th?]t the bagdw(;dﬂgthof f(t(hf) Ish muclh .resolvable. In this case, the sampling theorem may be used
smaller than the coherence bandwl ot the channe, "ﬁj’represent the resolvable received signal components. Such

W < Beon. Then all the frequency compo_ne_nts Pd(f)_ a development leads to a representation of the time-varying
undergo the same attenuation and phase shift in transmls?ﬂannel impulse response as [223]

through the channel. But this implies that, within the ban
width W occupied byX (f), the time-variant transfer function L

C(t; f) of the channel is constant in the frequency variable. oty ) = Z en(8)6(T —n /W) (2.3.1)
Such a channel is calldtequency-nonselectiver flat fading n=1
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Fig. 2. Tapped-delay-line channel model.

and the corresponding time-variant transfer function as  D. Statistical Models for the Fading Signal Components

L There are several probability distributions that have been
Ct; f) = Z cn(t)eﬂ”f"/w (2.3.2) used to model the statistical characteristics of the fading chan-
=l nel. When there are a large number of scatterers in the channel

. ] that contribute to the signal at the receiver, as is the case in

where ¢, (t) is the complex-valued channel gain of théh  onqspheric or tropospheric signal propagation, application of
multipath component and. is the number of resolvable the central limit theorem leads to a Gaussian process model
multipath components. Since the multipath spreadfiisand o the channel impulse response. If the process is zero-mean,
the time resolution of the multipath i&/W', it follows that  {hen the envelope of the channel impulse response at any time
. instant has a Rayleigh probability distribution and the phase

L=[TnW]+1. (2:3.3) is uniformly distributed in the interval0, 2x). That is, the

A channel having the impulse response given by (2.3.1) m&jvelope
be represented by a tapped-delay line wittaps and complex-
valued, time-varying tap coefficien{g,,(¢)}. Fig. 2 illustrates

the tapped-delay-line channel model that is appropriate for thes the probability density function (pdf)
frequency-selective channel. The randomly time-varying tap

R =|c(t; 1) (2.4.2)

gains{¢,(t)} may also be represented by pr(r) = %6_,,2/9’ r>0 (2.4.2)
t) = a (e =1,2,---,L 2.3.4
n(t) = an()e’™ ", n=1,2,-, 234 e
where{«, (¢)} represent the amplitudes afé,(¢)} represent Q= B(R). (2.4.3)

the corresponding phases.
The tap gains{c,(t)} are usually modeled as St";‘t'or'ar)(/Ve observe that the Rayleigh distribution is characterized by
(wide-sense) mutually uncorrelated random processes havmg single paramete®

autorrelation functions It should be noted that for the frequency-nonselective chan-

bu(T) = E[L & (£)en(t +7)] n=1.2 .. L (2.3.5) nel, the envelope is simply the magnitude of the channel
" 2onim ’ o 7 multiplicative gain, i.e.,

and Doppler power spectra
ppler p p R(t) = |C(H)]| = o(t) (2.4.4)

Sn(A) :/ Pn(T)e 3T dr. (2.3.6) and for the frequency-selective (tapped-delay-line) channel
o model, each of the tap gains has a magnitude that is modeled
Thus each resolvable multipath component may be modelgsl Rayleigh fading.

with its own appropriate Doppler power spectrum and corre- An alternative statistical model for the envelope of the
sponding Doppler spread. channel response is the Nakagamidistribution. The pdf for
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this distribution is signaling constraints, elaborating on the more special signal-
2 mAT S 20 ing constraints as delay, peak versus (short- or long-term)

pr(r) = m(§> ) ) rz0 (2.4.5) average power, we shall specialize to simple, though rather
representative, cases. For these, results will be given. We
where(2 is defined as in (2.4.3) and the parameteis defined |50 reference more general cases for which a conceptually
as the ratio of moments, called tfeding figure similar treatment either has been reported, or can be done

02 straightforwardly. Notions of the variability of the fading
"= EEoagn " >1/2. (2.4.6) process during the transmitted block, and their strong impli-

cations on information-theoretic arguments, will be addressed,
In contrast to the Rayleigh distribution, which has a singlghere emphasis will be placed on teegodic capacity, dis-
parameter that can be used to match the fading-channel $tibution of Capacity (g|v|ng rise to the “Capacity_versus_
tistics, the Nakagamin is a two-parameter distribution, with outage” approach)je|ay_|imited Capacityand thebroadcast
the parameters: and 2. As a consequence, this distributionapproach. Some of the latter notions are intimately connected
provides more flexibility and accuracy in matching the ohyp variants of compound channels. We shall give the flavor of
served signal statistics. The Nakagamiistribution can be the general unifying results by considering a simple single-user
used to model fading-channel conditions that are either mafgannel with statistically corrupted Channel State Informa-
or less severe than the Rayielgh distribution, and it includes tﬁ@n (CS|) available at both transmitting and receiving ends.
Rayleigh distribution as a special cage = 1). For example, we shall present some information-theoretic considerations
Turin [518] and Suzuki [513] have shown that the Nakagamyiglated to the estimation of channel state information, and
m distribution provides the best fit for data signals receivegiscuss the information-theoretic implications of wideband
in urban radio channels. versus narrowband signaling in a realm of time-varying chan-
The Rice distribution is also a two-parameter distributiofe|s. The role of feedback of channel state information from
that may be used to characterize the signal in a fading Mudceiver to transmitter will be mentioned. Robust decoders,
tipath channel. This distribution is appropriate for modelingniversal detectors, efficient decoders based on mismatched
a Gaussian fading channel in which the impulse responggtrics, primarily the variants of the nearest neighbor metric,
has a nonzero mean component, usually callesipecular and their information-theoretic implications, will mainly be
componentThe pdf for the Rice distribution is referenced and accompanied by some guiding comments.
T o 2442y/902 , (TS Information-theory-inspired signaling and techniques, such as
pr(r) = 72° e IO(?)’ rz20 (2.4.7) PAM, interleaving, precoding, DFE, orthogonalized systems,
lticarrier, wideband, narrowband, and peaky signaling in
e and frequency, will be examined from an information-
oretic viewpoint. (The coding and equalization aspects will
be dealt with in the subsequent parts of the paper). Since

The Rice distribution is a particularly appropriate moddine of the main implications of information theory in fading

for line-of-sight (LOS) communication links, where there is ghannels IS thg undgrstandmg of .the fuil prqm|se.of. d|verery
%\gtems, and in particular transmitter diversity, this issue will

direct propagating signal component (the specular componeR highlighted. Other information-theoretic measures as error

and multipath components arising from secondary rGﬂGCtioex onents and cutoff rates will only be mentioned succinctl
from surrounding terrain that arrive with different delays. b - . n only. Y,
emphasizing special aspects in fading channel.

In conclusion, the Rayleigh, Rice, and Nakagamudistri- While we start our treatment with the sinale-user case
butions are the most widely used statistical models for sign%s more im S t n(t)L;nd eintere tina part is Sthg muisti | usei
transmitted through fading multipath channels. € more importar stihg p € pie-use

case. After extending most of the above-mentioned material

to the multiple-user realm, we shall focus on features special
to multiple-user systems. Strategies and accessing protocols, as
code-division multiple access (CDMA), time-division multiple
access (TDMA), frequency-division multiple access (FDMA),
This part of the paper focuses on information-theoreti@te splitting [232], successive cancellation [62], drdut-of-
concepts for the fading channel and emphasizes capaciy,models [48] will be addressed in connection to the fading
which is, however, only one information-theoretic measurenvironment. The notion of delay-limited capacity region will
though the most important. We will not elaborate on othdre introduced, adhering to the unifying compound-channel
information-theoretic measures as the error exponents dndmulation, and its implication in certain fading models
cutoff rates; rather, we provide some comments on spedughlighted. Broadcast fading channels will then be briefly
features of these measures in certain situations in the examinashtioned.
fading models, and mainly present some references which théVe shall pay special attention to cellular fading models,
interested reader can use to track down the very extensdue to their ubiquitous global spread in current and future
literature available on this subject. cellular-based communications systems [44], [113], [170], and
The outline of the material to be discussed in this sectig@73]. Specific attention will be given to Wyner's model
is as follows: After a description of the channel model an831] and its fading variants [268]-[255], focusing on the

where s? represents the power in the nonfading (specula{riirl]J
signal components angf is the variance of the corresponding{'h
zero-mean Gaussian components. Note that witen= 0, N
(2.4.7) reduces to the Rayleigh pdf witf = /2.

I1l. | NFORMATION-THEORETIC ASPECTS

A. Introduction
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information-theoretic aspects of channel accessing inter- aamdds an interference ingredient into the problem turning it
intracell protocols such as CDMA and TDMA. Inter/intracelinto a general multiple-access/broadcast/interference channel
and multicell cooperation, as time and frequency reuse d62]. Needless to mention that even the simplest setting
to be addressed emphasizing their emergence out of pofethis combination is not yet fully understood from the
information-theoretic arguments. Signaling and accessing teafiformation-theoretic viewpoint, as even the capacity regions
niques spurred by information-theoretic arguments for tled simple interference and broadcast Gaussian channels are
fading multiple-user case will be explicitly highlighted. not yet known in general [191], [192]. In this setting, we

We end this section with concluding remarks and stakave not explicitly stated the degree of cooperation of the
briefly some interesting and relevant open problems relatagers, if any, at all receiving sites. Within this framework,
to the arbitrarily varying channel (AVC), compound channethe network aspect, which has not been mentioned so far,
and finite-state channel, as they specialize to standard fadplgys a primary role. The availability of feedback between
models. Further, unsolved and not fully understood issuggceiving and transmitting points on one hand, and the actual
crucial to the understanding of communications networkgansmission demand by users, complicate the problem not
operating over time-varying channels as aspects of combingsly mathematically but conceptually, calling for a serious
queueing and information theory, interference channels, asification between information and network theory [95], [84]
well as random CDMA, will also be briefly mentioned. and so far only very rare pioneering efforts have been reported
[285], [279], [17].

We have not yet touched upon signaling constraints, im-
posed on each user which transmits several signals through
the available transmitting antennas. The standard constraints
In the previous section, general models for the time-varyirege as follows.

fading channel were introduced. In this subsection we focus . -
) . a) Average power applied to each of the transmitting anten-
on those models and assumptions which are relevant for a o
nas or averaged over all the transmitting antennas. Even

standard information-theoretic approach and elaborate on those C
assumptions which lead to the required simplifications, giving here we should distinguish between average over the
' transmitted code block (“short-term” in the terminology

rise to a rigorous mathematical treatment. :
. : L . of [43]) or average over many transmitted codewords
The general fading, time-varying information channels fall " )
(“long-term” average [43]).

within the framework of multiway (network) multiple-user
time-varying channels, where there are senders designatef) Peak-power or amplitude constraints are common prac-
by indices be|onging to a séf where sendek € K has tice in information-theoretic analyses, (See [248] and
at its disposal(M4;); transmitting antennas and it attempts  references therein) as they provide a more faithful mod-
to communicate withA;, receiving sites each of which is eling of practical systems.

equipped with(M,.),,, ., m € My, k € K, receiving antennas. ¢) Bandwidth, being a natural resource, plays a major role

B. Fading Channel Models, Signaling Constraints,
and Their Information-Theoretic Aspects

The channel between a particular receiving antenpaand
a particular transmittingn, antenna, wheren,. and n, are
determined by some ordering of tBg,x (M, ) transmitting
antennas and thErex Emen, (M,-)mi receiving antennas,

in the set of constraints imposed on legitimate signaling,
and as such is a major factor in the information-theoretic
considerations of such systems. The bandwidth con-
straints can be given in terms of a distribution defining

is characterized by a time-varying linear filter with an impulse
response,, ,(t,7) modeled as in Section Il. The assumption
imposed onc,,. »,(t,7) and the constraints imposed on the )
transmitted signals of each of the users as well as the con-
figuration and connectivity of the system dictates strongly the
information-theoretic nature of the scheme which may vary
drastically.

To demonstrate this point we first assume thét 7) is
given and fixed. The general framework here encompasses
the multiple-user system with diversity at the transmitter
and receiver. In fact, if the receiving sites cooperate and
are supposed to reliably decode all users, then the resul-
tant channel is the classicalultiple-acceschannel [62]. If
a user is to convey different information rates to various
locations, the problem gives rise to a broadcast channelThe focus of this paper is on fading time-varying channels:
[62], when a single user is active, or to the combinatioim fact, the previous discussion treating, 7) as a determin-
of a multiple-access and broadcast channels when sevastt function should be reinterpreted, with, ., (¢, 7) viewed
users are transmitting simultaneously. This, however, is ras arealization of a random two-parameter process (random
the most general case of interest as not all the receivigeld) or a parametrized random process in the varialfieee
signals at a given site (each equipped with many antenn&ction Il). This random approach opens a whole spectrum of
or group of receiving sites are to be decoded, and thatenues which refer to time-varying channels. What notions

the percentage of time that a certain bandwidth (in any
reasonable definition) is allocated to the system.

Delay constraints, which in fact pose a limitation on
any practical system, dictate via the optimal error be-
havior (error exponent [399]), how close capacity can
be approached in theory with finite-length codes. Here
in cases where the channel is characterized by the
collection of {¢(¢,7)} which might be time-varying in

a stochastic manner, the delay constraint is even more
important dictating the very existence of the notions of
Shannon capacity and giving rise to new information-
theoretic expressions, as the capacity versus outage and
delay-limited capacity.
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should be used depends on the knowledge available aboutcalinnels according to the variability of the fading process in
. n,(t,7) @nd its statistical behavior. terms of thewhole codewordransmission duration, assuming
We mainly refer to cases where the statistics of the twthate(¢, 7) is indeed a nondegenerate random process. Clearly,
parameter processest, ) (dropping the indices,.,n; for for the deterministic, time-invariant channel, ergodicity does
convenience) are known, which again gives rise to a what®t depend onA7. — oo, as the channel exhibits the
collection of problems discriminated by specifying whiclsame realizatiorc(¢,7) independent oft. While in general
information is available at the transmitting/receiving siteve assume slow fading here, implying a negligible effect
The spectrum of cases varies from ideal channel-state of-the Doppler spread, this will not be the case as far as
formation (i.e., the realization of(¢,7)) available to both ergodicity is concerned. The nonergodic case gives rise to
receiver/transmitter to the case of full ignorance of the specifitteresting information-theoretic settings as capacity versus
realizations at both sides. In fact, in an information-theoretautage, broadcast interpretation, and delay-limited capacities,
setting there is in principle (but not always) a differencall relying on notions of compound channels [64], [164]. The
whether CSI information at the transmitter, even if ideal, f&act that a specific channel is underspread in the terminology
provided in a causal or noncausal mode. See [261] versfsSection Il, i.e./ 7}, By < 1, implies that it can be treated as a
[101], respectively, for simple finite independent and identflat slow-fading process, but nevertheless the total transmission
cally distributed (i.i.d.) state channel models. durationZ’ may be so large tha¥’I” > 1; thus the channel can
The case of unavailable realizationddt, ) at the receiving overall be viewed as ergodic, giving rise to standard notions of
site gives rise also to various equalization procedures, whitte ergodic, or average, capacity. Although not mentioned here
bear their own information-theoretic implications referring texplicitly, the standard discrete-time interpretation is always
the specific interpretation of the equalization method on opessible either through classical sampling arguments, which
hand [16], [21], [58], [250], and the to information-theoreti@ccount for the Doppler spread [186], when that is needed, or
role of the accuracy of the available channel parameteri@ orthogonalization techniques, as the Karhunemvieoor
[185]-[186] on the other hand. This framework gives also risgmilar [146], [147]. We shall not delve further in this issue:
to natural questions of how information-theoretically efficierinstead, we shall explicitty mention the basic assumptions
are training sequence methods [140] and the like. This figr the information-theoretic results that we plan to present
the reason why we decided to introduce equalization, to k@nd again give references for details not elaborated here).
described in Section V, as an inherent part of this paper. Throughout this paper we assuMé&l’ >> 1, as otherwise there
The precise statistical information on the behavior(@fr) is no hope for reliable communication, even in nonfaded time-
is not always available. This gives rise to the use of mi#avariant channel as for example the additive white Gaussian
matched metrics and universal decoders [64], and mak&ise (AWGN) channel.
classical notions of compound and arbitrarily variable channeés
[164], along with the large body of associated results, relevant
to our setting. Central notions as random-versus-deterministidn this subsection we address the single-user case, while the
code books and maximum- versus average-error probabilitiR&xt one discusses multiple users.
emerge naturally [164]. 1) General Finite-State Channeln this subsection we re-
With the above discussion we hope to have made clear tgaft to a simplified single-user finite-state channel where the
the scope of information-theoretic framework of time-varyinghannel states model the fading process. We shall restrict at-
channels encompasses many of classical and recent idead€®on to flat fading, disregard intersymbol interference (ISI),
well as results developed in various subfields of informatiognd introduce different assumptions on the fading dynamics.
communications, and signal processing theories. This is thBe main goal of this subsection is to present in some detail a
reason why in this limited-scope paper we can only touery simple case which will provide insight to the structure
upon the most simple and elementary models and resufté.the more general results. Here we basically follow the
More general cases are left to the references. As noted beféf€sentation in [41]. In case differentiation is needed the upper
our reference list, although it might look extensive, provideg@se letter{4) designate random variables, and lower case
only a minuscule glimpse of the available and relevant theof¢tters(«) indicate their values. Sequences of random variables
notions, and results. We will mainly address the simpleSf their realizations are denoted by and a;, where the
multipath fading model [223], as discussed in Section |1, fayubscripts and superscripts denote the starting and ending point

c(t,7), and, in fact, focus on the simplest cases of the§é the sequence, respectively. Generic sequences are denoted
models. by {4.}, {a,}. In cases where no confusion may arise, lower

The specific implications of,, and Tyo, ON a particular Case letters are used also to denote random variables.

communication system depend on the constraints to which thafconsider the channel in Fig. 3, with channel inpyte X
system is subjected. Of particular relevance are the signalgd output, € YV and states,, € S, wheret’, ) andS denote
bandwidth W and the transmission duration of the wholdhe respective spaces. The channel states specify a conditional
message (codewordJ. In the following, AT, will denote distribution {p(y|z,s),s € S} where, given the states, the

Single User

T.on measured in channel symbols. channel is assumed to be memoryless, that is,

In this section we discriminate between slow and fast fading N
by using time scales of channel symbols (of orélér!), and p(y |, s7) = H P(Un|Tn, 5n)- (3.3.1)
between ergodidT > T..,) and nonergodid? < Teon) n=1



2626 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 44, NO. 6, OCTOBER 1998

A A
w X, Y, w W ENC X Y, W
> ENC p(ylx.s) DEC
U p(y.vix,w) v DEC
. p(w) n
U, S v,
Fig. 4. Block diagram of the equivalent channel with transmitter CSI only
p(s,u,v) and output(Yy, V5,).

Fig. 3 Block diagram of the channel with time-varying state and transmitter The setting described here. with noisy observations provided
and receiver CSI. . . ' . . .

] ) ] ] to the receiver/transmitter, was discussed in [237], but in [41]
The transmitter and receiver are provided with the channgly,o< peen proved to be a special case of Shannon’s model.
state information, denoted by € {/ andv € V, via SOMe This s done by interpreting the problem as communicating
conditional memoryless distribution over a channel with a state and outputsy,v, where the
associated conditional probability is

p(uy vy

N
sy = Uy Up |Sp ) 3.3.2
D= sl @82 ) = S b ()

It is assumed that given,, ands,,, the outputy,, is statistically °

independent ofu,, } and{v,,} for anym. We further assume = ZP(M% 5)p(w, v|s)p(s)/p(v) (3.3.4)

that s,,,u,, and v, are independent of past channel inputs s

(allowing for no ISI in this simple setting). The channelas shown in Fig. 4.

state information is assumed to be perfect at the transmittelAs described in [261], [142], [143], and [69] coding on
and/or receiver ifi,, (respectivelyy,,) equalss,,. No channel- this channel, with state available to the transmitter, forms a
state information is available to either transmitter or receivetrategy (we use here the terminology of [237]), as the coding
if u, (respectively,v,) is independent ofs,. This model operationl/ — y is done on a function space. This might
accounts for a variety of cases of known, unknown, or partialpose conceptual and complexity problems, especially for large
known (e.g., through noisy observations) of the channel-staiglues of |t{|. However, in a variety of cases, as specified

informationw,, s, v,, to the transmitter and/or receiver. For thgelow, there is no need to employ strategies, and standard
framework so far we do not specify how the states related coding over the original alphabst suffices.

to the fading, and it may affect the observation in a rather

general way. a) General jointly stationary and ergodis,, }, {u, }, {va}
Encoding and decoding on this channel can be described With u, = g(vn), whereg(-) is a deterministic function

through a sequence of encoding functighs W x U”™ — ¥, v — u. The channel capacity is given by

forn=1,---,N, such thatz,, = f,,(w,u}), wherew ranges

over th_e set of possible_ source messa{z_]é&and ul is the @ — Zp(“) max I(X; Y|V, w) (3.3.5)

realization of the transmitter CSI up to time It should be " g(x|u)

emphasized here that we assume that the channel states are
revealed to the transmitter in a causal fashion, and therefore no  \yhere the optimization is over(z|u), and where
predictive encoding is possibleDecoding is done usually on I(X;Y|V,u) = I(X;Y,V|u) is the corresponding
the basis of the whole received signal and CSI at the receiver, ., tual information with a given realization @f = u
that is,& = ¢(yl,v¥) wherew is the decoded message and [41].
¢: y" x v" — w the decoding function.

Shannon [261] has provided the capacity of this channe
where {s;} are i.i.d. and the CSl is available causally to the
transmitter only It is given in terms of

| b) No channel-state information at transmission and ergodic
" channel-state information at receiver

oW = max I(T;Y) (3.3.3) O = max [ Y|V). (3.3.6)
’I(t) z
where7 = {x1,---, x5/} is @ random input vector of length

equal to the cardinality$S| of S with elements iny, whereq(#) The special case of no CSI at the receiver is given by

is the probability distribution of. The transition probability letting v be independent of in (3.3.6).

of the associated channel with inglitand outputy is given by ~ ¢) Perfect channel state information at receiver and trans-
|| mitter, assuming an ergodic sta§§;} = {U;}

p(IT) =Y pylee s = Op(s = 6).
=1 oW = Zp(s) lnax) I(X;Y]s) (3.3.7)

1|f predictive encoding is allowed, that is, all the realizations of the i.i.d. a(els

channel stategs;} i = 1,2,---, N are available to the transmitter only
before encoding of thév-long block(x, x2,-- -,z ), the capacity results . .
take a different form, as given in [101]. whereC* can be viewed as a special case(sf.
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d) Markov decomposabieergodic [111], [41] with per- (3.3.8). The circularly symmetric i.i.d. Gaussian noise samples
fect state information at the receivey, = s, and a are designated byn;}, where E(|ni|?) = o2. Here {y,}
deterministic causal function ofs} at the transmitter stand for the complex received signal samples. We assume that
u, = gn(s7). The capacity is given by?® in (3.3.5), {a:} denote the samples of the complex circularly symmetric
wherep(u) stands for the stationary distribution 6%, fading process with a single-dimensional distribution of the
(see [41] for details). power v, = |ax|*> designated byp,(-), and uniformly in

#] and independently (of) distributed phaserg (ay).

urther assume that(r) = F|A|? = 1. We will introduce

ther assumptions on the proce§d,} for special cases

Though we have restricted attention to a finite-state chanrgﬁj: ;c
and, in fact, discrete input and output alphabets, imposing
fu_rther input c_onstraints _(Iike average and/or_pe_ak POWEE) be detailed which fall, considering the above mentioned
still the c_apacny eXpressions given here are__|n5|ghtfu|,_ arPgservations, within the framework of the general results on
they provide the correct intuition into the specific exXpressiong, i «i-te channels presented in this subsection.
as will be detailed in the following, resorting first to a very Perfect state information known to receiver onlyhis

simple single-user flat-fading channel model [54], [85], [86 h 2101 111111112 ;
[119], [127], [210]. We notice that the assumption of join]}case as been treated by many [210], [111}-{112] and indeed

dicity of | fund tal role: in fact s rather standard. Here we need to assume {bat is a
ergodicity of {s,,, un,va} plays a fundamental role: in fac 'stationary ergodic process, which gives rise to a capacity

without it the Shannon sense capacity, where the decoded eLB(?Fnula which turns out to be a special case® in (3.3.6)
probability can be driven to zero by increasing the blocklength, e

may essentially be zero. In this case, corresponding mutual . ) Povv
. . . - CRCSI = E,, log 1 + 2
information expressions can be treated as random entities, o
giving rise to capacity-versus-outage considerations. In this o0

/ py(v)log [ 1+

setting, power control, provided some CSI is given to the =
transmitter, plays a major role [43]. This is demonstrated in the
case where full state information is available at the transmittérshould be noted that there is no need to use variable-
site. The transmitter may then attempt to invert the channel 3t codes to achieve the capacity (3.3.10) (contrary to what
eliminating the fading absolutely, which gives rise to tieday- IS claimed in [118]). This is immediately reflected by the
limited capacitynotion. This will be further addressed within@Pproach of [41], where the state is interpreted as part of the
the notions of compound and arbitrarily varying channels [643hannel output (which happens to be statistically independent
[164], with constrained input and state spaces. of the channel input). Hence, a simple standard (Gaussian)
We shall demonstrate the general expression in the cd@ad codebook will be efficient in this case. However, we
of flat fading with inputs subjected to an average-powéthOU|d emphasize that contrary to the standard additive Gauss-

L aV”) dv.  (3.3.10)

o2

constraint, that is, ian noise channel, obtained here by lettiag = 1 Vk, the
) length of the codebook dramatically depends on the dynamics
Elen]”) < Pav (3:38) of the fading process: in fact, it must be long enough for
whereE, the expectation operator, involves alsdf a power- the fading to reflect its ergodic nature (i.€, > Tcon, O
control strategy is employed at the transmitter. equivalently, N > AT) [149].

Though the generalization to an infinite number of states Perfect channel-state information available to transmitter
and the introduction of an input constraint requires furth@nd receiver: Again, we assume that the channel state in-
justification, we use the natural extensions of the finite-std@mation {a,.} is available to both receiver and transmitter
expressions, leaving the details to the references (in case tHBs@ causal manner. Equation (1.3.5) f6K*), under the
are available, which unfortunately might not always be sojlPut-power constraint (3.3.8), specializes here to the capacity
See reference list in [164] and [41]. ormula

We shall demonstrate the general setting for the most simple
model of a single-user, flat fading case where the signaling

is subjected to an average-power constraint. The discrete- ) ) ]
time channel, withk standing for the discrete-time index, isVhere the supremum is over all nonnegative power assign-
described by ments P, () satisfying

P,
Crrest = Esuplog <1 + M") (3.3.11)

o2

Y = anTh + N (3.3.9) E,P,(v)< P,. (3.3.11a)

where the complex transmitted sequence is a proper discréibe solution(P(v)), given in [112], is straightforward, and
time process [171] satisfying the average-power constrathe optimal power assignment satisfies

K 1
2Here decomposability means that the channel is described by the one-step Pw_('/) ={ 0T v 2 v (3.3.12)
transition probability functior (s,.+1, yn|sn, xx ), satisfying: P, 00 v <1y
, 1 < 1

@) sn1,yn are independent of all past states and inputs givemnd  \yhare the constant, is determined by the average power
Ty . . . . . X
) _constraint and the specific distribution of the fading power
b) =y, p(Sn+1,YnlSn.vn) = r(Snt1|sn), Wherer(-|-) is the transi-

tion probability of an indecomposable homogeneous Markov Chailﬁ”(.l/)' The capacity is given in termg of (3_'3'11)' with the
Sn — Sl optimal power control (3.1.12) substituted in. For compact
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expressions, which involve series of exponential integral funteated in [142], where in this case of ideal CSI available to
tion, see [155], specialized to the single-user case. the receiver, no “strategies” are required and simple signaling
The optimal power control policy as in (3.1.12) gives risever the original alphabet of the input achieves capacity. The
to the time-water-pouring interpretation [112], that is, aboveapacity for the Gaussian complex fading channel with average
thresholdy, the lower the deleterious fading {s large), the input-power constraint is given by
larger the instantaneous transmitted power. .
Clearly, the solution here advocates a variable-rate, variable- CPTRest = £ > E,plog(1+vPu(7))  (3.3.13)
power communication technique [112], where different code-
books with ratelog (1 + (P=(v)r/0?)) are used when the where we define = |ax|* and 7 = |ax_q|?, and the time
fading realization isr and the associated assigned powéRdexk is immaterial here. The operatofs and E,; stand,
is P*(v). respectively, for the expectations with respectit@nd the
What is more surprising is that also in this setting the fuffonditional expectation of with respect ta>. The supremum
capacity is achieved by a fixed-rate coding system [41]. TH&over all power assignments 6%, () (a function ofi> which
is immediately realized by introducing at the input of thés available to the transmitter) satisfying the average power
channel an (amplitude) amplifier, whose gaini; (v)/P,, constraint
controlled by the observed fading power This amplifier
is interpreted as part of the channel, the state of which is
revealed now to the receiver only. That is, the effective powgrt (3.3.13) we have used the fact that the probability o
gain Pj(v)/ P, replaces- in the logarithmic term of (3.3.10), |a;|* when conditioned omy._, is a function of|ay_4|> = ©
determining the capacity of the channel with states known émly, for circularly symmetric (proper) Gaussian state process
the receiver only. This implies that also in this case a standdjg, }.
Gaussian code can achieve capacity, provided it is longSeveral sample examples have been worked out in [312]
enough to reveal the ergodic properties of the channel, amad [41], but no full solution has been found f6fTrcst,
hence put the averaging effect into action. Suboptimal powas an elegant analytical solution f6¥; (), the optimal power
control strategies, as channel inversion and truncated chang@itrol, does not seem to exist. Clearly, bounds where subopti-
inversion [112] may be useful in certain circumstances. Theseal power-allocation strategy is applied are straightforward. A
strategies are further discussed with reference to other casessonable candidate is the optimal power-allocation strategy
in the following. of the ideal no-feedback case= 0, where in this case the
It is worth noting here that the availability of channel-statsuboptimal 7,,(#) in (3.3.13) is based on the expected value
information at the transmitter in addition to the receiver givesf v, that is, P,,(7) = P (E(v|7)), whereP}(-) is given by
only little advantage in terms of average reliable transmi(3.1.12).
ted rate (see figures in [111] for lognormal, Rayleigh, and Unavailable channel-state informatioim the case treat-
Nakagami fading examples), and this small advantage is eéd now, the channel-state information is not available to either
particular pronounced for low signal-to-noise ratio (SNR) vatransmitter and/or receiver. The case is conceptually simple,
ues, where the unfaded Gaussian capdeigy(1 + SNR) may and for i.i.d. states{A;} the full solution is available for
be surpassed [111]. This occurs because the average recedmmlilarly complex distribution of A}, that is, RayleighA|
power, with the optimal power-control strategy, surpagidgs and correspondingly exponential In fact, in [87] it is shown
which is the average received power in the unfaded case. that the capacity-achieving distribution has a discrete i.i.d.
obvious upper bound o@Trcsr is given by applying Jensenpower | X,| and irrelevant phase. For relatively low values
inequality tolog (1 + E(P%(v)v)P.,/o?). This reflects the of the average signal-to-noise ratio (SNR)P,, /0% <8 dB
fact that with fixed received (rather than transmitted) powemnlues, only two signaling levels = 0 andz = /a with
the fading effect is always deleterious. respective probabilitie€l —p.,, p.. ) suffice, wherevp, = P, .

Ideal CSI available to receiver with noiseless delayeBor asymptotic behavior wittf,, /0% see [278]. Clearly, the
feedback at the transmitterA generalization of the previous capacity-achieving codes in this case deviate markedly from
case where perfect CSl was available to both transmitter a@dussian codes, which achieve capacity when CSl is available
receiver takes place where delay is introduced and the GSther to the receiver or to both receiver and transmitter. This
at the transmitter site, though unharmed, is available with evident from the fact that even the first-order statistics do
a certain latency. This serves as a better model to commuet match the Gaussian statistics [253].
practice in those cases where CSl is fed back through anothelt is interesting to observe that the lower the SNR, the larger
auxiliary channel (essentially noiseless, as it operates at véimg amplitude« tends to be [87]. The intuition behind this
low rates), from the receiver to the transmitter. result, already contained in [227], follows the observation that

We assume here thdtS,} (returning here to the generic N 1w A —
finite-state notations) is Markov, and that at tirhe si_4 is IXY) =I(X, 4Y) - I{4;Y]X).
made available to the transmitter (the nonnegative intégefFor SNR — 0, for a rather general class of peak- and
denotes the delay). Faf =0, no delay is introduced and theaverage-power-constrained input distributionstofincluding
results given above hold (only ergodicity {)ﬁk} Is required 3A discrete input distribution of the envelop& | is optimal also for other

for d = 0). This problem has .be.en solved by [312]. In [4_1] th@yding statistics (not necessarily Rayleigh), rising, for example, in diversity
problem was shown to specialize to the Markigh, } setting combining. See [87].

E;Py(?) < Pa. (3.3.14)
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the binary two-level distribution) is a complex scalay, with transition probability

plulo(v),v > 0)
— E,p(ylo().v)

> 1 1
The optimal distribution of|/X| should then minimize the =/ pu(C)W{eXp—ﬁw— \/EU(C)F}dC
expression 0 (3.3.16)

I(X,4;Y)_— log(1+SNR).

SNR—

and the inputs(»),» > 0, is subjected to the average power
constraintE, [v?(v)] < P,y. With no loss of generality we
have assumed that = /v, that is zero phase of the fading
which results by noting tha#l is a unit-variance circularly process: in fact, since the transmitter has accurate access to
symmetric Gaussian random variable independent.ofhe the fading process, it can fully neutralize any phase shift by
minimization of (3.3.15) is carried over all distributions ofrotation at no additional power cost. While a general solution

| X]?
I(A:Y|X)=F/vilog | 1+ —= -SNR 3.3.15
(4;Y]|X) 1x] log < + SNR ( )

0 < |X| £ Ja satisfying E(]X|?) = SNR, and the for the capacity with our conjecture seems difficult to obtain, as
straightforward solution is letting{ be binary, taking on a complete time-continuous capacity-achieving strategy should
values0 and +/a. This yields be determined, nonetheless lower bounds can be derived by

using suboptimal strategies. One of these, which calls for
SNR attention for its own sake, is the truncated channel inversion
I(A4Y|X) = ——log(1+a). [112]. This is best described within the framework of fixed-

rate signaling, where a Gaussian codebook is used and an
The lower the SNR, the larger gets. As SNR— 0, the amplitude amplifier at the transmitter is introduced with the
capacity yieldsCncst e SNR, the same as for perfectpower gain function
CSI available to the receiver only! While this occurs only @
at extremely low values of SNR [87], it takes place with Pi(v) L vEw (3.3.17)
markedly different signal structures. In the no-CSl case treated P, e
here, the specific signaling, “peaky” in time, alleviates the
deleterious effect of unknown channel parameters, which driwhere
I(A;Y|X) to 0, by increasing the peak signaling valueof . *

The case when the suitable model for the dynamics of the o= / pu(Q) dC.

fading models is the block-fading channel [211], which occurs "o
when {a;} are constant for a duratioAZ.. and the blocks of Thus the receiver sees an unfaded Gaussian channel
AT, are chosen to be i.i.d., is treatgd in [.176.5]. This .recvlant y=xz+n (3.3.18)
beautiful result shows that the capacity-achieving distribution
of the blockwise i.i.d. input vector¥ = (X1, X, -+, Xp,)is with probability
given byX = 1®, where® is aAT.-dimensional isotropically oo
distributed unit vector, ang is an independent nonnegative jZe; :/ pu(e)dC
scalar random variable witl(u?) = P,,. The numerical o
indication shows [176] that is discretely distributed, as inand a pure-noise channel
the case ofAT, = 1 [87]. Coding and decoding in this
case are standard: in fact, the scalar (for i.i{di;}) or y=n (3.3.19)

AT.-length vector (for i.i.d.AT. block of {A;}) channel is ith the complementary probability — pe;. The relevant
memoryless, assuming thus the standard information-theoretighsition probability for a receiver with no information about

0, V<

characterization. the channel state (which assumes a binary interpretation here)
An intermediate situation, which bridges the full-CSI angs

no-CSl knowledge at the receiver, is modeled by partial side 1 ly — a2

information available. This is a special case of the model p(y|z) =pa 5 exp {— —— }

of [41], [237] and the treatment is therefore standard: the 2ro 20

corresponding result depends on the type and quality of +(1_pG)LeXp {_i|y|2}. (3.3.20)

that side information (see [176], [236], [149], and references 2mo? 20?

therein). The threshold value, is chosen to optimize the corresponding

Ideal CSI available to transmitter onlyThis model is capacity. In fact, ifu, = 0 is legitimate, i.e., the channel is

attracting much less attention, probably due to its relativefyyertible with finite power, an obvious lower bound corre-

rare occurrence in the real world. Extrapolating the results #honds to the absolute channel inversion, whefe= 1 and
[261], [41] for the continuous state distribution, wenjecture he corresponding capacity is

that for i.i.d. states the capacity here is given in terms of the
capacity of a memoryless channel, whose inputis a continuous .. > Cer = log <1 + ﬂ) (3.3.21)
waveformu(t), t € Ry (the positive reals) and whose output E,(1/v)
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An obvious upper bound in this case is the capacity mesults in the multiple-access channel. In the next subsection
(3.3.7), where the channel-state information is made availalble extend our treatment to some other important information-
also to the receiver. This capacifjcr (where Cl stands for theoretic notions, which do not demand strict ergodicity of the
Channel Inversion), is, in this case, also what is known #sding process as in the case treated so far.
the delay-limited capacity [127]. This is a special case of the 2) Information-Theoretic Notions in Fading Channelis:
capacity-versus-outage framework in case of CSI availalilds section we review and demonstrate some of the more
at the transmitter and receiver [43], as it will be brieflymportant information-theoretic notions as they manifest in
described later on. The difference betwea@pr and Crres;  fading channels. Again, our focus is on maximum rates, and
(3.3.11) can be seen in [112, Fig. 3] for the log-normdience capacities; the discussion of other important notions,
fading, and in [112, Fig. 5] for a Nakagami-distributed fadings error exponents and cutoff rates, is deferred to a later
power with parametern = 2. Indeed, these cases exhibisection. Specifically, we address here the ergodic-capacity,
a remarkable difference. Optimizing fog in the truncated- capacity-versus-outage, delay-limited-capacity, and broadcast
inversion approach may diminish the difference for low SNRapproach.
as is the case when the channel states are available to thé/e will demonstrate the results in a unified fashion for
receiver as well. For Rayleigh-distributed fading amplitudejmple single-user applications, while the multiple users, the
Cc1=0, as no channel inversion is possible with finite transnore interesting case, will be discussed in the following
mitting power, as evidenced by the fact thEf(1/) = co.  subsection. We shall not elaborate much on the structure of the
Improved upper bounds may take advantage of the fact (amsults, as these are essentially applications, manifestations,
its extensions) that on general Discrete Memoryless Channatgl/or extensions of the expressions in the general model
(DMC) the cardinality of the capacity-achieving input is n@f Subsection IlI-C.1). We shall conclude this subsection by
larger than the cardinality of the output space [94]. Sommentioning the relevance of classical information-theoretic
information-theoretic notions to be treated in the following, asameworks such as the compound and arbitrary-varying chan-
capacity-versus-outage, delay-limited capacity, and expectegls [164], where the compound channel, along with its
capacity, are intimately related with compound [164] andariants form, in fact, the underlying models giving rise to
composite [61] channels, and they apply directly to the catiee different notions of capacity to be addressed.
where CSI is available to the transmitter only. This setting, Ergodic capacity: The basic assumption here is thats>
when the fading CSl is available to the transmitter only, pos&s,;, = 1/Bq, meaning that the transmission time is so long as
some interesting information-theoretic problems. to reveal the long-term ergodic properties of the fading process
Concluding remarks:Although in this subsection we c(t, 7) which is assumed to be an ergodic process.in
have only used simple channel models which cannotin this classical case, treated in the majority of references
accommodate multipath, intersymbol interference, and tfgee [41], [75], and references therein, [85], [112], [118],
like, ([127], [146], [210], [290]), the basic structure of thes¢l119], [137], [155], [171], [210], [335]), standard capacity
capacity results is maintained also when they are extendedésults in Shannon’s sense are valid and coding theorems are
more general settings, as will be demonstrated succinctlyproved by rather standard methods for time-varying and/or
the following sections. We have also assumed that the fadifigite- (or infinite-) state channels [327], [310]. This means
coefficients{ A } areergodicor even i.i.d. or Markov, which that, at rates lower than capacity, the error probability is
poses significant restrictions on the applicability of the resuléxponentially decaying with the transmission length, for a
presented. We shall see that the basic structure is kept alsgaod (or usually also random) code. We consider here the
various cases where these restrictions are alleviated to saimple single-transmit/receive, single-user multipath channel
degree. For example, in the block-faded case with absolutéh slow fading, that is, withiW >> B,. The capacity, with
no fading dynamics (that is, when the fading coefficient ishannel state known to the receiver, is given by [210]
essentially invariant during the whole transmission period

o0 . 2
of the coded block) the expression of Crcst = E/ log <1 + W) df (3.3.23)
—o0 0
log <1 + %) (3.3.22) whereC(t; f) is the frequency response at timegiven by
for perfect CSI available to both receiver and transmitter C(t; f) :/ c(t, T)e I dr (3.3.24)
(say) becomes a function of and a random variable it- -0

self, which under some conditions [210] leads to the notiand whereN, stands for the additive white Gaussian noise

of capacity-versus-outage. The interesting notion of delafAWGN) spectral density. The expectatidn is taken with

limited capacity becomes then a special case correspondiagpect to the statistics of the random proc€ss; /). Note

to the zero-outage result. In that case, power inversion (i.that under the ergodic assumption these statistics are indepen-

P,(v) = Py /(rE(1/v), when possible) is used (see [43] fodent of eithert or f, and the result is exactly as in (3.3.10)

a full treatment). When CSl is available to the receiver onlyor the flat-fading case [210]. The same holds where the ideal

the capacity-versus-outage results are obtained by no powkannel-state information is available to both transmitter and

adaptation, that isP,,(v) = Py receiver [112], [155] but the optimal power control should
The results here and in [69] will also be useful, though tassign a different power level at each frequency according to

a lesser extent, in the understanding of the extensive capatity very same rule as in (3.1.12), correctly normalizing the
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total average power. For the ergodic case, multipath channetsnposite channelThe capacity-versus-outage approach has
give no advantage for their inherent diversity: this rathehe simple interpretation that follows. With any given rdte
surprising fact can be explained by considering the multipatve associate a sébg. That set is the largest possible set
case as a parallel channel generated by slicing the frequefmy which Cg, the capacity of the compound channel with
band. The parallelism can be in time, frequency, or botharamete® € ©p, satisfiesCey > R. The outage probability
and, since the capacity in the ergodic case depends onlyisithen determined by, = Prob (8 ¢ ©g). (Note that the

the first-order statistics of the fading state parameters, tleegest set might not be uniquely defined when the capacity-
equivalence is evident. In fact, also here, the ultimate capacitghieving distribution may vary with the parametee Og;

can be achieved by a fixed rate, variable-power schemeinitthis case the set is chosen as the one which minimizes the
suffices to extend the same device used to deal with thetage probabilityPr (6 ¢ ©r).)

flat-fading channel to the case at hand here, where now &onsider the simple case of a flat Rayleigh fading with no
frequency-shaping power amplifier is used by the transmitterdgnamics(B, = 0), with channel-state information available
implement the optimal power-control strategy. The conclusidn the receiver only. The channel capacity, viewed as a random
follows by viewing this amplifier as part of the channel, themariable, is given by

by considering a resulting equivalent channel, whose states

a)r/e known toq[he receive? or?ly. C(v) = Wlog (1 + v SNR) (3.3.25)

We have resorted here to the most simple case of a SIO%}ﬁere SNR= P,./(NoW) is the signal-to-noise ratio and
. . —1 .« . av
fading (W > Ba), ergodic (I' > B;") channel giving ,, js exponentially distributed. The capacify (nats per unit

rise first to the very notion of Shannon’s sense Chan”@éndwidth) per outage probabilit,.. is given by
capacity on one hand and the decoupling of the time-varying

and the frequency-selective features of the channel on thep, , = pr (C(v)/W < R) =Pr(ln(1+rSNR) < R)

other. This decoupling is not at all mandatory, and capacity —1_ exp(_SNR—l (GR —1)). (3.3.26)
results for the more general case, whéve ¥ By, can be

rather straightforwardly evaluated [186], [146] using classiced this case only the zero rat® = 0 is compatible with
decomposition techniques to interpret the problem in terngg , = 0, thus eliminating any reliable communication in
of parallel channels, while accounting for the nonnegligiblg8hannon’s sense. It is instructive to note that the ergodic
Doppler spread experienced here. Shannon capacity is no more than the expectatiorC'af)

In general, it is rather easy to find the information cg210]. In fact, whenB, = 0 the capacity-achieving distribution
pacities which are given by the appropriate averaged mutigl Gaussian and remains fixed for all fading realizations,
information capacities. Showing that these expressions redvided CSI is not available to the transmitter. The capacity
also as outcomes of coding theorems (in the ergodic regina¢a compound channel is then given by the worst case capacity
of course) is a more subtle matter. Though straightforwand the class® g, and the largest set is then uniquely defined.
techniques with clear extensions do work [94], [327], more As mentioned above, ergodic capacities are invariant to
elegant and quite general methods rely upon the recent conagpt frequency-selective features of the channel in symmet-
of information spectrunj310], [124]. rical cases (that is, when the single-dimensional statistics

Capacity versus outage (capacity distributioiihe er- of C(t; f) are invariant to the values of and f). Now,
godic assumption is not necessarily satisfied in practical cosn-markedly different behavior is exhibited by the capacity-
munication systems operating on fading channels. In fact\iérsus-outage notion. In [210], the two-ray propagation model
stringent delay constraints are demanded, as is the caséhas been analytically examined, and it was demonstrated
speech transmission over wireless channels, the ergodithgt the inherent diversity provided by multipath fading is
requirement?’ > T.., = B;' cannot be satisfied. In thisinstrumental in dramatically improving the capacity-versus-
case, where no significant channel variability occurs durirgutage performance. The general case where the fading does
the whole transmission, there may not be a classical Shanmxhibit some time variability—though not yet satisfying the
meaning attached to capacity in typical situations. In faatrgodic condition—is treated in [210] within the block-fading
there may be a nonnegligible probability that the value @hodel. In this rather simplistic model the channel parame-
the actual transmitted rate, no matter how small, exceeds thes are constant within a block while varying for different
instantaneous mutual information. This situation gives rise ldocks (which, for example, can be transmitted blockwise-
error probabilities whicldo notdecay with the increase of theinterleaved). The delay constraint to which the communication
blocklength. In these circumstances, the channel capacitysistem is subjected determines the number of such blocks
viewed as a random entity, as it depends on the instantanedéds that can be used (more on this in Section IV). The
random channel parameters. The capacity-versus-outage pase K. = 1 yields the fixed channel parameters discussed
formance is then determined by the probability that the channmdfore, while K. — oc gives rise to the ergodic case. The
cannot support a given rate: that is, we associate an out@geameter.. is then used to comprehend the way the ergodic
probabilities to any given rate. capacity is approached, while for finit&,. it provides the

The above notion is strictly connected to the classiceffective inherent diversity that improves considerably the
compound channel with priori associated with its transition- capacity-versus-outage performance. BH6f = 2, optimal
probability-characterizing parametét. This is a standard and suboptimal transmission techniques were examined and
approach: see [61]-[247]; in [83] this channel is called eompared to the simple suboptimal repetition (twice for=
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2 transmission), while even the latter is shown to be rathtachniques (which are usually optimal when no channel-state
efficient (at least in the same region of the parameters). Timformation is available at the transmitter).
influence of correlation among the fading values in both blocks The block flat-fading channel with channel-state information
(K. = 2) is also investigated, and it is shown that thavailable to both receiver and transmitter is examined in [43]
significant advantage ok, = 2 over K, = 1 is maintained (which includes also the results of [313]). In this reference,
up to rather high values of the correlation coefficient. Spacender the assumption that the channel-state information of all
diversity techniques, which also improve dramatically on th&,. blocks is available to the transmitter prior to encoding,
capacity-versus-outage performance, are also treated in [2&@] optimal power-control (power-allocation) strategy which
by reinterpreting the results for the block-fading channel. Segnimizes outage probability for a given rate is determined. It
also [93]. is shown that a Gaussian-like, fixed-rate code achieves optimal
So far, we have addressed the case of side informatiparformance, where a state-dependent amplifier controls the
available to the receiver only. For absolutely unavailable CSlpwer according to the optimal power-control assignment.
the capacity-versus-outage results may still be valid as is. Thiee optimal power-control strategy depends on the fading
underlying argument which leads to this conclusion is theatistics only through a threshold value, below which the
observation that the capacity of the compound channel ddesnsmission is turned off. The rate which corresponds to zero
not depend on whether the transition—distribution governirautage is associated with the delay-limited capacity [127]: in
parameterd is available or not to the detector [64]. Thefact, the power-control strategy which gives rise to a zero
rationale for this is the observation that singes constant, outage probability gives also rise to the standard (Shannon-
its rate for long codes; — oo, goes to zero, and therefore itsense) capacity. For the case &f = 1 (single block) the
can be accurately estimated at the receiver site. Transmit, émtimal strategy is channel inversion, so that the transmitted
example, a training sequence with length proportional/to power is
[61] to facilitate the accurate estimation@fat no cost of rate _
asn — oo. In fact, the value of is not at all required at the Po(v) = Py ™' [E(1/7) (3.3.28)
receiver, which employs universal decoders [64], [88], [164nd the corresponding zero-outage capacity is
and references therein], [166], and [338]. The quantification of
this rationale, rigorized in [216], is based on the observation Cpr, = log <1 +— Py ) (3.3.29)
that o?E(1/v)
1 1 1 where P, stands for the long-term average power constraint.
ﬁI(X; Y)= EI(X;Y|S) - ﬁ(I(S; Y1X) - I(5:Y)) In [43], a clear distinction is made between a short-term power
(3.3.27) constraint (bounding the power of the codebook) and a long-
term power constraint (dictating a bound on the expected
where, if the channel state proces$}, n — oo, is of asymp- power, i.e., characterizing the average power of many trans-
totically zero rate (or “strongly singular” in the terminologymitted codewords). Space-diversity systems are also examined

of [216]) and for that, in the Rayleigh fading regime, it is shown that
o1 D—-1P,,
n—oo a

Under the rather common “strong singularity” assumption, thghere the intege designates the diversity levéD = 1
ergodic capacity of the channel with or without states availabigands for no diversity). Note that in the absence of diversity,
to the receiver is the same. In some cases, we can even estifjaiie Rayleigh regimeCp;, = 0, as no channel inversion
the rate at which the capacity with perfect CSl available to the possible with finite power, as implied by the fact that
receiver is approached. See [176] for the single-user Rayleig’r@,,—l) ~ .
fading case, where the capacity is calculated for flat fadingor i, — 1, the outage-minimizing power control is given
with strict coherence timel,., (the block-fading model). by [43]
The usefulness and relevance of the capacity-versus-outage
results, as well as variants to the expected capacity [61] to P,(v) = { (e =1)/v, v>vt (3.3.31)
be discussed later in the context of fading [247], are usually 0, otherwise
not emphasized explicitly in the literature in the context Qfhere ,* is the solution of
unavailable CSI, in spite of their considerable theoretical R4
importance and practical relevance. This has motivated the (e —1)Fi <17 ¢ : ) =P, (3.3.32)
elaboration in our exposition. v

For channel-state information available to both transmittgfd the corresponding outage is given by
and receiver, the results are even more interesting, as the
addition of a degree of freedom, the transmitter power control, Pouy = 1 —exp (=(F = 1)/v"). (3.3.33)
may dramatically influence the tradeoff between capacity andH ere
outage. In some cases, power control may save the notion -
of Shannon capacity by yielding positive rates at zero outage, ;i (p, ) 2 / (e=t /) dt, for Re (z) > 0.
while this is inherently impossible for constant-transmit-power 1
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While, as seen before [43], [112], channel-state informatigrocess. As concluded from (3.3.28), this policy cannot be
gives little advantage, especially at low SNR, in terms &pplied unless the channel is invertible with finite power (that
ergodic capacity (average rates), the performance enharise£(1/r) < oo ). So far, we have assumed full knowledge
ment exhibited in terms of capacity-versus-outagér@énatic  of the channel-state information at the transmitter. In case the
Suboptimal coding as repetition diversity was also examiné&@nsmitter is absolutely ignorant of such information while
in [43], and it has been determined that the optimal powethe receiver still maintains perfect knowledge of the CSlI, the
allocation strategy in this case is selection diversity. Furthatelay-limited capacity nullifies, unless the fading is bounded
it was shown that for the generd .-block fading channel away from zero with probability. In such a case, say where
there is an optimal diversity order which minimizes outage. > 1,,;;, with probability 1, adhering to the simple model of
The latter conclusion may be interpreted as the existenceS#ction 111-B we find that
an optimal spreading/coding tradeoff in coded direct-sequence VP
CDMA, where the direct-sequence spreading is equivalent CpL = log <1+ &2”> (3.3.34)
(in a single-user regime) to a repetition code. Considerable 7
advantage of channel-state information available to the transaAn interesting open problem is to determine under which
mitter, in terms of capacity versus outage, was demonstraigsheral conditions the delay-limited capacity is positive with
for the long-term average-power constraint. This advantaggisy CSI (in the framework of [41]) available to both trans-
disappears almost entirely, when a short-term average-powgfter and receiver. As discussed before, diversity gives rise
constraint is dictated. The block-fading channel model with alh increased values of delay-limited capacity [43], and in the
channel-state information available also to the transmitter suiit of infinite diversity delay-limited capacity equals the
well multicarrier systems, where different carriers (frequen®@tgodic capacity. In fact, the channel is transformed to a
diversity) play the role of time-separated blocks (time divezaussian channel [43], for which both notions of delay-limited
sity), and where the assumption in [43] that the CSI infll  capacity and Shannon capacity coincide (see, e.g., (3.3.30)
blocks is available to transmitter beforehand is more realistigith D — o). Multipath provides indeed inherent diversity,
The capacity-versus-outage characteristics for a frequengymd, as demonstrated in [249], this diversity gives rise to a
selective fadlng channel is studied in [41], where it is demO@ositive de|ay_|imited Capacity even in a Ray|e|gh regime,
strated that the inherent diversity present in the multipaifhich otherwise would yield a zero delay-limited capacity.
fading model improves dramatically on capacity-versus-outageit js appropriate to emphasize that the delay-limited capacity
performance when compared to the flat-fading model. In fagd,to be fully interpreted within Shannon’s framework as a rate
this diversity gives rise to a positive delay-limited capacityor which the error probability can asymptotically be driven
even in the Rayleigh fading regime (3.3.30). There are numes- zero. Hence it is precisely the capacity of a compound
ous interesting open problems in this category, some of whighannel where the CSI associated with the fading is the
will be mentioned in our concluding remarks. parameter governing the transition probability of that channel.
It is appropriate to mention here that the general resuli$ this case, no prior (statistical characterization of these
of [310] are also applicable to devise coding theorems farameters) is needed, but for the determination of the optimal
the setting of capacity versus outage. This is explained gdwer control under long-term average-power constraints.
[210], because the notion etcapacity is directly related to |t js also important to realize the significant advantage in
the capacity versus outage. This notion is treated within th@wing transmitter side information, in cases where a long-
framework of [310], as the transition probabilities for the COd&rm average-power input constraint is in effect [43] If CSl is
block transmitted are explicitly given and fully characterizegyailable at the transmitter, then the capacity of the associated
statistically. See [83] for further discussion. See also [167] febmpound channel is the capacity of the worst case channel
coding theorems of compound channels with memory.  in the class, which might be larger than the capacity of a
Delay-limited capacities:The notion of a delay-limited compound channel with no such information [164], as the
capacity has already been referred to before, in the contg#insmitter can adapt its input statistics to the actual operating
of capacity versus outage where the outage probability is $@fannel. For short-term power constraints, advantages, if at all
to zero. Any positive rate that corresponds to zero outagfesent, are small, owing to the inability of coping with bad
gives rise to a positive delay-limited capacity, as describegalizations of fading values [43]. In case of unvarying or very

in [43]. For single-user channels, this notion is associatefbwly varying channels, these results remain valid also when
with channel inversion when this is possible with channejhe receiver has no access to CSI.

state information available at the transmitter (3328) By USingAs will shall elaborate further, interesting information-
the terminology of [43], this gives rise to “fixed-rate” transtheoretic models result in the case of absolutely unknown
mission? The interpretation of [127] of the “delay-limited” statistical characterization of the fading process (say, for the
Capacity is associated with that reliable transmitted rate Whlgake of Simp|icity' discrete-time mode]s)_ Here the notion of
is invariant and independent of the actual realization of thgbitrarily varying channel (AVC) is called for (see discussion
fading random phenomenon. Clearly, in the single-user cage[164]), but we advocate the inclusion of further constraints
this policy leads to power inversion, thus making the observeg the states, in the AVC terminology, which account for the
channel absolutely independent of the realization of the fadifgting in our setting. This is to be discussed later.

4Fixed rates achieve also the full capacifjrrcs; [43] and do not The broadcast approachThe broadcast approach for a
necessarily imply channel inversion. compound channel is introduced in Cover’s original paper on
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the broadcast channel [61]. The maximization of the expected Other information-theoretic modelén [164] classical
capacity is advocated, attaching a prior to the unknown statdormation-theoretical models as the compound and arbit-
that governs the compound channel transition probability. Thigrily varying channels are advocated for describing practical
class of channels with a prior was called composite channelssiystems operating on fading time-varying channels, as
[83]. This approach inherently facilitates to deliver informatiomre mobile wireless systems. The specific classification as
rates which depend on the actual realization of the chanmedlicated in [164] depends on some basic system parameters
and that is without the transmitter being aware of what that detailed therein. For relatively slowly time-varying channels
realization is. As such, this approach is particularly appealii@ < 7..,) compound models are suitable whether finite
for block-fading channels where the Doppler bandwifthis state, in case of frequency selectivit’ > 7.,,;1), or regular
either strictly zero or small, that is, the channel exhibits onPMC in case of flat fading. In cases of fast fading, the channel
marginal dynamics. The application of the broadcast approativdels advocated in [164] depend on the ergodicity behavior if
is advocated in [247] for this setting. In [236] it is applied fofT, < T (whereT, is the so-called “ergodic duration” [164]), a
an interleaved scenario where the ergodic assumption is val@mpound model with the set of states corresponding to the set
and hence the ergodic capacity can be achieved, underminiojattenuation levels, is suggested. Otherwise, whére T,
to a large extent, the inherent advantage of this approael. AVC memoryless or finite state, depending on the multipath
In fact, as mentioned in [247], this approach is a match&gpread factor, might be used. The latter as pointed out in [164],
candidate to successive-refinement source-coding technigoesy though lead to overly conservative estimates. Using
[228] where the transmitted rate and, therefore, the distortigfassical models can be of great value in cases where this
of the decoded information depends inherently on the fagetting provides insight to a preferred transmission/reception
ing realization. In this setting, optimization of the expectethechanism. Universal detectors [164], which were shown
distortion is of interest [247]. It should be noted that in théo approach optimal performance in terms of capacity and
case where no channel dynamics are present gf; = 0 error exponents in a wide class of compound memoryless
in the fading model), the results do not depend on whethand finite-state channels, serve here as an excellent example
side-information about the actual realization of the channgl this point. So are randomized strategies in the AVC case,
is provided to the receiver or not. This conclusion does nathich may provide inherent advantages over fixed strategies.
hold when the transmitter is equipped with this informatiorlowever, strict adherence to these classical models may
as in this case (rate- and power-) adapted transmission carlda®l to problematic, overpessimistic conclusions. This may
attempted. be the case because transmission of useful information does
This broadcast approach has been pursued in the casaaif always demand classical Shannon-sense definitions of
a flat-fading Gaussian channel with no fading dynamics ieliable communications. In many cases, practical systems
[247]. In fact, as stated in [247], this strategy enables or@n easily incorporate and cope with outages, high levels of
to implement a continuum of capacity-versus-outage valugitortion coming not in a stationary fashion, changing delays
rather than a single pair as in the case of the standamdd priorities, and the like.
capacity-versus-outage approach discussed previously [210[These variations carry instrumental information-theoretic
A continuum of parallel transmitted rates is implemented at theplications, as they give rise to notions such as capacity
transmitter where an optimal infinitesimal power is associateérsus outage and expected capacity. Further, in many cases,
with an infinitesimal rate. The expected rate was shown [24iHe available statistical characterization in practice is much

to be given by richer than what is required for general models, such as
oo —udg(w) compound channels and AVC. This feature is demonstrated, for
Rp(A) = /A (1- Fy(u))m (3.3.35) example, in cases where the unknown parameter governing the

transition probabilities of the channel is viewed as a random
with A = 0, where ¢(u) = [2° SNR(s)ds is associated variable, the probability distribution of which is available.
with the normalized(c? = 1) power distribution SNRs) Input constraints entail also fundamental information-theoretic
of the infinitesimal transmitted rates. Hefé (-) stands for implications. In classical information-theoretic models these
the cumulative distribution function of the fading power andonstraints are referred to as short-term constraints (that is,
SNR(s) ds is the power assigned to the parallel transmitteffective for each of the possible codewords) [94], while some
rate indexed bys (a continuous-valued index). The optimapractical systems may allow for long-term constraints, which
power distribution that maximize&+(0) is found explicitly are formulated in terms of expectations, and therefore are less
for Rayleigh fading, i.e.F,.(u) = 1 — e7*. Ry(s) stands for stringent. This relaxed set of constraints is satisfied then in
the expected rate conditioned on the realization of the fadiagerage sense, over many transmitted messages [43]. A similar
power satisfyings > A. Optimizing Rr(s) over the input- situation exists in the AVC setting with randomized codes,
power distribution SNRs) combines in fact the broadcastwhere relaxed constraints are satisfied not for a particular
approach which gives rise to expected capacities [61] wittodebook but for the expectation of all possible codebooks
the capacity-versus-outage approach, which manifests it4ai64].

with an associated outage probability Bf(A). This original An example is the case, discussed before, where an average-
approach of [247], as well as the expected capacity of thpewer-constrained user (single user) operates over flat fading
broadcast approach [61], extenstsaightforwardlyto a class with essentially no dynamics (i.e[3;7 — 0) and with a

of general channels [83]. fading proces$ A, } which may assume valués,, ) arbitrarily
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close to zero (as, for instance, in the Rayleigh case). The already mentioned, both of these notions apply without

strict notion of the compound channel capacity will yield nulthange to the case where CSI is available to none, either

capacity: in fact, there is a chance, no matter how small, thetnsmitter or receiver. In fact, under this model the channel is

the actual fading realization could not support any pre-assigneaimposite (unvarying with time), and hence the channel-state

rate (irrespective of how small that may be). However, néaformation rate is zero.

tions intimately connected to that of a compound (composite) When channel-state information is available to the transmit-

channel, as of capacity versus outage on the one hand #dand then under the ergodic assumption, the capacity with

expected capacities (with or without an associated outaggtimal power control is given by (3.3.11). The delay-limited

on the other, yield useful information-theoretic notions. Thes@apacity equals here

are not only applicable to the design and analysis of efficient P

communications systems over these relevant channels, but also CpL = log <1 + %) (3.3.38)

may provide sharp insights on how to approach in practice o?E(1/v)

(through suitable coding/decoding schemes) those ultimaNete that the delay-limited capacity is a viable notion irre-

theoretical predictions. spective of the time-variant properties of the channel (that is,
By no means do we imply that classical models as corirrespective of whether the ergodic assumption holds or not).

pound channels and/or AVC's are not valuable in deepeniMpreover, it does not require the availability of the CSI at the

the understanding of the ultimate limitations and potential egceiver (observing in this case a standard AWGN channel).

communications systems over practical fading time-varyingote that only a “long-term” average-input-power constraint

channels and provide fundamental insight into the actugives rise to theCpr, (3.3.38) [43], as otherwise for short-

coding/decoding methods that achieve those limits. On tte&rm constraints marginal advantages in terms of the general

contrary, as we have directly seen in the cases of capaaiBpacity versus outage are evidenced. In the latter case, static

versus outage and expected capacity, these are valuable asgBfs~= 0) fading is assumed.

that may grant just the right tools and techniques as to furnishThe channel in the example gives, in fact, rise to an

valuable results in different interesting settings. This, howevénteresting formulation which falls under the purview of AVC.

may demand some adaptation mounted on the physical und@snsider the standard AVC formulation with additional (stan-

standing of the problem at hand, which may manifest itsetard in AVC terminology [164]) state constraint, i.e.,

in a set of constraints of the coding/decoding and channel "

characteristics. Associating priors to the compound channel 1 ZQ(‘”) <A, Vs, €S (3.3.39)

[61], [83] yielding the composite channel [83] and giving rise ni

to capacity versus outage and expected capacity results, as . )

discussed here, demonstrate this argument. where S is the relevant state space, and) is some non-

To further demonstrate this point, we consider once agd?lefgative function. The input constraint is also given similarly,
our simple channel model of (3.3.9). by

We assume an average-input-power constraifitY|?) < 10
P, and the fading variabled; satisfy, as beforeE|v|* = 1, - > glw)<T,  for aimost allM (3.3.40)
where = |a|?, but we do not impose further assumptions =1
on their time variability. Instead, we assume stationarity iyhere (3.3.40) is satisfied for almost all possible messages
terms of single-dimensional distributiah, («), which is as- in the message spac#t corresponding to the codeword

sumed to be meaningful and available. Further, assume thaf x, ... ,), which may include a random mapping to
E(1/v) <oo. account for randomized and stochastic encoders. klelds
Under ergodic conditions, the capacity with state available nonnegative function, say(z) = |z|?, to account for the
to the receiver only satisfies (3.3.10), i.e., average power constraint. The AVC capatftyr a randomized
code is given then by the classical single-letter equation
v,y P AVE = a i :
Cres1 = Ey log <1 + ?> >log | 1+ . Cavc . é&}?))gr F,/(~):IE}2(V)§AI(Y’X)
o’ E <_> = min max  I(Y;X) (3.3.41)
v Fo(-): Euq(»)<A Fr: E(g(2))<T
(3.3.36)

which, in fact, looks for the worst case state distribution that
where the right-hand-side (RHS) term follows from Jensensgtisfies constraint (3.3.39). What is also interesting here is
inequality by observing thdbg (14-¢/z) is a convex function that the input constraints take a “short-term” interpretation.
of . Under no ergodic assumption and with CSI available f§ote that the AVC notion does not depend on any ergodic
the receiver only, the capacity-versus-outage curve is givéasumption and gives a robust model. In fact, when there is
by (3.3.26) a stochastic characterization of the states, the notion can be

R i combined with an “outage probability” approach, as then the

Py = F,((e" — 1) Pyw/o) 7). 3.3.37

out o (( )(Pav/07) ) ( ) 5We use here the extension of classical results for the continuous case
Th . f d . d d . which follows similarly to the results for the Gaussian AVC. Note that in case

€ notions of expected capacity and expected capacity VeIRMere the constraints are formulated in terms of expectations rather than on

outage as in [247] are also directly applicable here. Note thatjividual codewords and state sequences, no strong converse exists [164].
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probability that the state constraint (3.3.39) is not satisfied arealm of broadband time-varying channels, or more gener-
is associated with aoutage probability We do not imply here ally in cases where the channel characteristics incorporate a
that the solution of a problem similar to (3.3.41) is simpleset of random parameters, the number of which is at least
Usually it is not. Yet this approach, where state constraints gyportional to the transmission time (this entails a positive
introduced, is interesting, and has a theoretical as well agate).

practical value. A special example, associated with the delay-One of the more interesting models is that of “bandwidth-
limited approach, occurs wheyiz) = 1/z, which, along with scaling” [187], [99], [286], where the random channel char-
(3.3.39), implies that no fading variable can be extremely smaltterization implies that capacity-achieving signaling should
and still the overall constraint is satisfied. The probability dfe peaky in time and/or frequency. We shall demonstrate
this event can be computed or bounded. Associated with ttés feature adhering to an insightful formulation which is
AVC interpretation are all the settings which involve averagextended in [252] to account for many other models. Consider
and max error probability (as a performance measure), ransimplified discrete-time channel model

domized and stochastic-versus-deterministic coding. All these
notions are of interest in practice, and may provide insighty[”“
to the preferred coding/decoding approaches: we wish only (3.3.42)
to note that, as the information-carrying signal appears inyg ara
product form with the fading variablg:z), wh?ch implies that of the ¢th channel (out ofin). The inputz, is a complex
the channeis symmetrlz_a_blé[1641, thus providing thgoretlcal variable which stands for théth channel input at timek.
support for a randomizing coding approach. This exampige fading coefficients, designated Hyi, .}, are assumed
demonstrates the value of general information-theoretic €qg- he complex ii.d. Gaussian random variables, satisfying
cepts when combined with relevant notions as the outag%mz = 1 V4, k. The corresponding i.i.d. Gaussian noise

probability, giving all together an interesting Comm“”icatiOEomponents with variance? per sample arén, .. The input
model, which we believe to be of both theoretical and practicgl average-power constrained in the sense ’

:af,kxf,k+n[,k7 £:1727"'7m7k:1727"'7n

ye x Stands for thetth sample (out ofith blocklength)

interest.
3) Information-Theoretic Inspired Signaling: Optimal Pa- zm:E(|x N2 <P (3.3.43)
rameter Selection:In general, the capacity as well as the t v e

capacity-achieving distribution imply some underlying struc- =t )
ture of optimal coding/signaling [253]. This is valid alsol NiS simple parallel-channel model can be interpreted as an
in the realm of fading, and even more so, as informatigifthogonal frequency division, wheré designates the'th
theory dictates some parameters of close-to-optimal codiff§duéncy band. In this model, each frequency is subjected
systems. This is best demonstrated by the results for the cisdndependent fast flat fading and orthogonal ambient noise.
of CSI available to both the transmitter and the receivefVithin this interpretationn is commensurate with the avail-
where information theory provides the precise optimal powe"f‘-ble bandwidth. Common sense advocates the use of the full
control strategy, and in addition indicates the exact transmitRgndwidthm with uniform power distribution per coordinate,
structure that may approach the ultimate optimal performan@ed bOl{pded_mp”uts per coordinate. The boundedness is based
with fixed-rate codes [43], [41]. The delay-limited capacitf" th_e intuition” that for low s_lg_nal-to-_n0|se ratio (which
(3.3.38) where perfect channel inversion is attempted, exhibgs€vident here for largen and finite P, in (3.3.43)), peak
(when applicable) for the receiver a classical ANGN chann¥nitation does not imply severe degradation in capacity [248].
for which, with modern coding techniques, capacity can be We shall see not only why this “intuition” is misleading,
closely approached [27], [90], [60]. Here we will highlightb“t our V|ewpo_|nt will |r_nme_d|ately indicate the right way to
some recent results of primary practical importance, in ti%- The capacity here is given by
case where no channel state information is available. sup I(X;Y) (3.3.44)
First, for the fast flat-fading model, (i.e., the fading co- X: E|X[P<Pay

efficients {4,} are circularly symmetric i.i.d._ Gaus.sia.n), _thex‘/vhere&,z are m-dimensional vectors with complex com-
discreteness and peaky nature of the capacity-achieving 'n%ﬁents. Now we use the same methodology that has already

envelope gives rise to orthogonal coded pulse—position—lilﬁovided us the right insightn the case ofn = 1 [87]. Let
modulations (with efficient iterative detection as in [214]).

Even more interesting is the case of the block-fading model, I(X;Y) =1(A, X;Y) — [(4Y]X). (3.3.45)
where the coherence tim&T, is some integer greater than Now
thus modeling slow fading. The elegant result in [176] not only
gives the structure of the capacity-achieving signals, but in fact I(A,X;Y) < mlog <1 n Pav2> (3.3.46)
provides insight into the gradual tendency of the capacity to mo
the ideal CSI available to the receiver with the increase @here this inequality follows by noting that
ATC. m m

In the following we shall emphasize some recent insights EZ laeszek|” = EZ lae s’ |zer]? € Pay-  (3.3.47)
into the peaky nature of capacity-achieving signaling in the = =1

6Take the conditional distributiofy(s|x) ds in terminology of [164] to be By this we already see that fern = 1, peak-limited signals cannot reach
dFg(s/x) whereFg(-) is some generic probability distribution. capacity, even at very small SNR values.



BIGLIERI et al. FADING CHANNELS: INFORMATION-THEORETIC AND COMMUNICATIONS ASPECTS 2637

Recalling that the capacity in parallel channels with CSthere we recognize the familidf,, /o?) behavior. This be-
available at the receiver only is achieved by equi-powdavior has been achieved however with a “peaky” signal, both

Gaussian inputs, we have in frequency (orthogonal signaling) and in tirfk— oc). The
m |22 same result could be achieved by using peakedness in time,
I(4,Y]X) = ZElog <1+ 2 ) (3.3.48) only letting {x,;} be all i.i.d. satisfying the peaky bingry

£=1 capacity-achieving distribution. This distribution is naturally

where for the sake of clarity we omit the irrelevant timexpected, as the: channels in (3.3.42) are independent and
index. We first try equally spread signals, whése} are i.i.d., memoryless and, therefore, independent inputs over the index
E|z¢|? < Pay/m, and where we assume thatis not “peaky” ¢,/ = 1,2, ---,m, should achieve capacity, which indeed is
in the sense of [99], that iF|z¢|* < (P, /m) for somea the case here, noting that the average-power constraint (3.3.43)
(a relaxed feature as compared to strict peak-limitedness, thHats not impose additional restrictions regarding the statistical
is |z¢| < /8 with probability 1, for some/3). Since we take dependence of the signal componefits}.
m — oo, modeling broadband systems, we conclude that  This simple model is also well suited to address the case

P, of correlated{a,}, as is suggested in [99]. Assume block
<1 + ) correlation, i.e.,agr = app for £,£ € B,, whereB,,q =
1,2,---,m/m’, is the gth partition of them possible indices

I(X;Y) < lim mlog

m—o

mao?

m 2
— ZEIOg 1+ el — FPav _ Pa =0 into m/m’ (assumed integer) groups of say consecutive in-
o2 o2 o2 ; - .- e
=1 dices. The fading coefficients in different groups are assumed
which demonstrates the absolute uselessness of this signalibg. This models a blockwise correlation. The capacity-
strategy, in this setting. achieving distribution can be found by adopting the results of

Now, let us use orthogonal signaling with orthogonal [176], reviewed shortly in the following subsection in refer-
signals, that is, at each timieonly one value of (out of m) of ~ €nce to diversity. Thatis, the input’-vectorse, = {z,}, with
x¢ 4 IS active. Since orthogonal signaling is known to achieve€ By, is distributed according to the result of [176], which
capacity over the unlimited bandwidth AWGN, it is rathefeadsz, = p®, where® is anm’-dimensional isotropically

straightforward to show that for this signaling, @s— oo, distributed unit vector ang is an independent scalar random
P, variable. This scalar random variable is chosen so as to satisfy
A XY) — — (3.3.49) the average-power constraint per groif./(m/m’)). Over
where we assume for a moment that overall poes used, different groups the input vectors,, for different values of
that is, q, are i.i.d. This model provides insight on how the standard
m AWGN capacity is approached.
Z Elxe,kIQ = P,. Clearly, with m/m’ = 1 and m > 1, we approach
=1 essentially a Gaussian behavior of the capacity-achieving
The other term, however, is signals [176], while forn’ = 1 andm — oo, the peakiness in

classical capacity valu®,, /o? is attained, but the capacity-

2) amplitude is evident. In all cases, of course, #or— o, the
attaining signals have markedly different properties.

vy N . || i E|x,,

I(AY]X) = ;Elog <1+ 2 ) < log <1+ —
3 It is worth noting that the peakiness has nothing to do with

= log <1 - ﬁ) (3.3.50) multipath phenomena: in [286] it has been demonstrated that

the same conclusion holds for a single-path channel even with
g fixed gain but a random time-varying delay. The view taken
p p in [252], which is mounted on a generalization of the relation

I(xX:y) > _; —log <1 + _;> (3.3.51) (3.3.45) in the simple channel example treated here, attributes

moeo 0 a this behavior to general cases where the channel random

Note that this equation is no more than a special®tabf814]. features possess an effective “Shannon bandwidth” (we are
Now instead of orthogonal signaling at each time epodforrowing this terminology form [177]) comparable to that
k, let us assume that signaling is done with a duty factaf the information-conveying signal itself. The “peakiness”
d, i.e., signaling is attempted only once pgepochs, where nature of capacity-achieving signals is essential in neutralizing

P, = dP,, satisfies the overall average-power constraint. Thie deleterious effect of the random behavior of those channel

relevant mutual information in this case follows by (3.3.5lnhodels, and that is in contrast to the intuition based on efficient

where we note here that only for oAiesay/,, the value of x|
is not identically zero. These inequalities and (3.3.45) yiel

and equals signaling over the AWGN channel.
There is a variety of different wideband fading models,
1dP,, 1 dP., P, starting from classical works [153], [215], examining orthog-
I(X;Y) = 1 o2 glog <1+ o2 )d:_o;? (33.52) onal signaling in a fading dispersive environment. In most

settings the ultimate capacit¥,,/No is achievable, where
Ny is as before the AWGN power spectral density and where

8In fact, Viterbi's result [314] follows immediately by the representatiod¥’, the signaling bandwidth, goes to infinity. This is the case
in [252] along with the classical Duncan—Kailath connection between average
mutual information and causal minimum mean-square errors [81]. See [252PFor m — oo the power per channdP.,/m — 0, and the capacity-
for details. achieving distribution is binary [87].
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even for suboptimal energy-based detectors [215], [216]. Seee employed for each carrier. The inner repetition code is soft-
for example, the orthogonal MFSK result in [314], whichdecoded, while the outer code operates on hard decisions. The
yields the limiting performance foi/-frequency orthogonal equivalent BSC capacity throughput is maximized over the
signals of powerP,, each impaired by a complex randormumberK of users and the numbérof frequency repetitions.
Gaussian fading process of power spectral dertity( /) (at In [65] adaptive Orthogonal Frequency-Shift Keying (OFDM)

all frequency translations) normalized to is considered for a wideband channel. We have mentioned
00 here very few of the more recent references and have left the
/ Staa(f)df = 1. rest of the extensive literature on this matter to the references
—oo and the reference lists within those references.
The result of Viterbi reads Interleaving: This is one of the major factors appearing

* P.Swal(f) 0o P.Swa(f) in many practical comr_nunication ;ystems which are designed
C= / e df/ log <1 + L) df. to operate over approximately stationary memoryless channels.
No —o0 No Information theory provides the relevant tools to assess the
(3:3.53) effects of such a practically appealing technique.
For example, insightful results in [41] indicate that, with
eal CSl available to the receiver or to both receiver and trans-
mitter, interleaving entails no degradation, as the respective
capacities are insensitive to the memory structure of the fading
. & (3.3.54) Process. If perfect CSl is available to the receiver, information
d-1—0 No theory is used to devise very efficient signaling structures that

This P,, /Ny result is not achievable when peak constraing"’we the potential, yvhen cor_nbine_d with m(_)dern techniques
are imposed on the signals. See [282] for the exact capacity gH&h aT turbo_t CO_?_L?_Q _anc(ij |terat|\ie tdzc‘_)d”;'r?' tol apprto chth
error-exponent formulas in the case of unrestricted-bandwidt§2ne! capacily. -this 1s demonstrated In the elegant bit-
communications in the fast-fading environment. Interleaved Coded Modulation technique [42] to be described

Clearly, even in the broad (infinite) bandwidth case whe{ﬁ Seg.tion l\ééas 1";3" agziz n:nru#ilevel cgiifng with Ln l:jllt istar?e
no dynamics is experienced by the fading prodgBs = 0), ecoding [133], [159], [321]. This case differs markedly when

usually® no reliable communication in Shannon's sense 0 CSI is available. Consider the block-fading model, the

possible [63] and notions such as capacity-versus-outage acitydof Whiclh _Witlh To intglrleiving and|CSI s g!v:aln tr)]y
expected capacity emerge. Regretfully, in our exposition /6] and for relatively long blocks it equals essentially the

could not elaborate on many relevant results, some dev(é?_pacity for a given channel state information at the receiver.
oped decades ago [73]-[76], [199], [203]-[209], [227] [265fnterleaving in this case inflicts an inherent degradation, whose

[293]-[295] as space limitations and the limited scope of thgeverity increases with the blocklength over which the fading
paper preclude a comprehensive treatment. stays invariant. Full ideal interleaving results in the capacity

4) Other Information-Theoretic Inspired Signalinig the of [87], which, as indicated above, may be markedly lower.

preceding subsection we have focused on special featufedhis case as well, the interleaving degradation disappears
and in particular on the “peakiness” nature of the capacit?—S Pav/la - O.I . e also i her inf .
achieving signaling over special models of fading wideband '"terléaving plays a major role also in other information-
channels. In fact, information theory provided over the ladf€oretic measures as cutoff rate and error exponents to be

five decades much more than that, and here we succinctly segArtly discussed in what follows. In fact, the very block-

some highlights, with particular attention paid to the fadinffding model introduced in [210] is related to the obstacles
regime. in achieving efficient interleaving in the presence of stringent

Multicarrier modulation: This modulation method is delay constraints. . o

motivated by Shannon’s classical approach of calculatinc\;N Gaussian-like interferenceEfficient signaling on  the
the capacity of a frequency-selective channel by slici GN channel is b_y now_well understood, and recent
it to infinitesimal bands [262]. Shannon has demonstrat 8velopm(_ants make 't_ po_SS|_bIe to come r_emarkabl_y close
that this signaling strategy can approach capacity for (@ the ultimate capacity limits [90]. This is the primary
dispersive Gaussian channel. Multicarrier modulation hAotivation to make the deleterious interferers look Gaussian.
been considered rather extensively in connection to fadingfnile the classical known saddle-point argument proves
See, for some recent examples [71], where multicarri at the Gaussian interference is in fact the worst average-

transmission is considered over multipath channels, wilpWer-constraint additive noise, a recent result by Lapidoth
channel-state information given to both transmitter and6ll Proves that a Gaussian-based nearest neighbor decoder
receiver or just to the receiver. The loss of orthogonality anf@€lds in the average of all Gaussian-distributed codebooks
interchannel interference are considered. See also [103], whije Gaussian capacity irrespective of the statistical nature

a multicarrier system is considered, and concatenated cofEdne independent and ergodic noise. Thus in a sense one
can guarantee the Gaussian performance even without trying

10Unless channel inversion is possible with either long- or short-tergg optimally utilize the noise statistics, which might not

average power constraints. Channel inversion is possible with short-teym ilabl Wi hall furth laborat th It
power constraint if the fading energy realization is bounded away from z available. € shall Turther elaborate on ese results,

with probability 1. which apply also for a flat-fading channel with full side-

— o0

Again with the strategy as in (3.3.52), that is, transmitting aé
duty factord with powerdP,, = P. while transmission takes !
place, one reaches the well-recognized relation
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information available to the receiver. In order to transforrand each channel is separately treated, is investigated via
the multiplicative fading effect into an additive Gaussiannformation-theoretic tools in the AWGN and flat-fading chan-
like noise one has to resort to some versions of central linmel, with known and unknown channel-state information at the
theorems. A recent idea uses spreading methods via filteringe€eiver. It is concluded that Gray labeling (or pseudo-Gray
the transmitted signal, spreading it in time, thus providing tHabeling if the former cannot be achieved) yields overall rates
diversity needed to mitigate the fading effect [328]. This servesmilar to the rates achieved by the signal set itself, while
as an alternative to interleaving, and this technique effectivalingerboeck’s set partitioning inflicts significant degradation.
transforms the fading channel into a marginally Gaussidfhe cutoff rate is also investigated, and it is demonstrated
channel over which standard coding methods are useftilat the cutoff rate, when exceetisand with Gray or pseudo-
A similar spreading effect is achieved by classical direcGray mapping, surpasses the corresponding cutoff rate of the
sequence spread-spectrum methods with large processigmal set itself.) This is a remarkable observation which gives
gain factors [242], where again the time diversity makasse to parallel decoding of all stages with no side information
performance depend on many independent fading realizatigassed between stages. This technique can also mitigate delay
which by various variants of the central limit theorem manifesonstraints, as each level is decoded on an individual basis.
themselves in a constant gain factor with some penalBurther results are reported in [241] where multilevel coding
[328] which may not be too large. The diversity effect isvith independent stage decoding in the realm of unfaded and
not necessarily achieved in the time domain: the frequenfaded channels is considered. Rates are selected by mutual
domain serves this purpose equally well; so do combinéuformation criteria, and performance is compared to the
time/frequency spreading methods, as these are basedaohievable results with multistage decoding. For a tutorial
variants of wavelet transforms [330]. Nevertheless, spaaxposition on multilevel coding, see [133].
diversity methods, to be discussed later, also play a similar roleAs we have already concluded, techniques and methods
providing the setting to average a reasonably large numberusied for deterministic channels with or without dispersion
fading realizations. Some strategies employed in the multiplere directly applicable to the time-varying framework, whether
user realm are left to the subsequent part of this section. by taking one further expectation with respect to the random
It is worth mentioning here (although this will be expandegrocess characterizing this dispersive response or, alterna-
upon in the next section) that coding provides inherently thizely, the final result is a random variable depending of
necessary diversity to cope with fading, in a usually muatourse on the fact that channel characterization is treated
more efficient way than various other diversity techniques, as a random entity. Over the last five decades, information
direct-sequence spreading [177, and references therein]. Theory has been providing a solid theoretical ground and
latter may be interpreted as an equivalent repetition codesults motivating specific signaling methods with the goal
which inherently points to its suboptimality. In certain casesf approaching capacity. We shall mention here only a few
and in particular where no knowledge on the exact statisticpresentative examples, while many others can be traced
and/or realizations of the fading variables at the receiver shg scanning the information-theoretic literature. The classical
is available, various time/frequency-spreading methods whiolthogonalization which decomposes the original dispersive
transform the fading time-variable channel at hand into tlehannel into parallel channels [94], [226], [132], [152] is
familiar AWGN channel, are recommended, especially froflindamental not only for a conceptually rigorous derivation
the practical implementation point of view. of capacity, but carries over basic insight into the very imple-
Spectrally efficient modulationAs for the AWGN chan- mentation of information-theoretic inspired signaling methods.
nel, information theory provides fundamental guidelines fofhe information-theoretic implications of tail-canceling and
the design of such systems in the realm of a faded time-varyimgnimum mean-square error (MMSE) decision feedback as
channel. One of the most typical recent examples is multilewgkll as precoding techniques at the transmitter (cf. Tomlin-
signaling, which is an appealing scheme [133] not only ison—Harashima equalization and the like) are very thoroughly
the AWGN case, but also in the presence of fading. In facddressed [250], [58], [260], [57], [90]. While the results for
[159] uses the chain rule of mutual information to demonstratieed dispersive channels are directly applicable in the case
that capacity for the flat-fading channel can be achieved withndnere CSI is known both to the receiver and transmitter, this
multilevel modulation scheme using multistage decoding (withay not be valid in general for other cases. Clearly, many
hard decisions). Interleavers are introduced on all stages, aesults, as that in [260], are applicable also to the case where
rate selection is done, via an information-theoretic criterioiSl is available to the receiver only, as the transmitter employs
(average mutual information for the stage conditioned anfixed strategy which is not channel-state adaptive. In fact, in a
previously decoded stages), which if endowed with powerfaltuation of slow time variations of the channel characteristics
binary codes, may achieve rates close to capacity, as inherghat is, B,7 — 0), those results are applicable also when
diversity is provided by the per-stage interleaver. (See also CSI is available, as this case falls within the compound-
[241], [321], where multilevel coding with independent stagehannel model, with the frequency response playing the role
decoding in the realm of unfaded and faded channels is caf-the parameter characterizing the channel (i.e., its transition
sidered.) Rates are selected by mutual information criteria, amabbability) [164].
compared to the achievable results with multistage decoding.These examples demonstrate clearly that most of the classi-
In the contribution [42], the scheme originally advocated bgal results developed over the last five decades of information-
Zehavi, where a coded-modulation signaling is bit-interleavedeoretic research are applicable as they are, or with some
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minor modifications, to the realm of faded time-varying charie a variety of finite-state channels, and a recent contribution in
nels [139]. This holds also for contributions which examinf88] applicable to channels with memory. We leave the details
signaling used to communicate over a dispersive channelthe excellent tutorial [164].
subject to constraints other than average power. References Mismatched decodingAn interesting information-
[248], [211], [256] and reference lists therein provide someoretical problem (mismatched decoders) accounts for
examples, where the main signaling constraints are peak-power fact that a matched and/or universal decoder might be
in many variations, combined or not with bandlimitedness. very complex and in fact unfeasible, and addresses a whole
5) Unavailable Channel-State Information: Informationspectrum of cases where either the channel statistics are not
Theoretic Aspectdn previous subsections we have addressgulecisely known and/or implementation constraints dictate a
the capacity problem of a time-varying fading channel with given decoder. Here a receiver employs a given decoding
certain assumption about the availability, or nonavailabilitynetric irrespective of its suboptimality. The full extent of the
of accurate CSI at the receiver and/or transmitter sites. Timformation-theoretic problem, as reflected by the ultimate
case of unavailable CSI accounts for the practical model amismatched achievable rates, is not yet solved, but for binary
provides ultimate limits for cases where there are no separatputs [22]. However, numerous bounds and fundamental
channels to convey CSI to the receiver. Estimates of tirsights into that problem have been reported. See [164] for
degradation inflicted by lacking CSI are available (see, far selected list of references and for further details.
example, [185]). Yet the receiver, if its structure requires suchOne of the more interesting and relevant mismatched de-
a CSl explicitly, must retrieve it from the received signal itselicoders is one that bases its decision on a Gaussian optimal
Many approaches use different variants of training sequeneemimum-distance metric. A class of results in [161] demon-
to facilitate simple learning by the receiver of the CSI. Astrates that the Gaussian capacity cannot be surpassed for
discussed in [164, and references therein], those approacteeslom Gaussian codes performance (performance is averaged
are in particular appealing for the case whdsgl’ — 0, over all codebooks), even if the additive noise departs con-
that is, the time-varying features of the channel are relativetjderably from the Gaussian statistics giving rise to a much
slow. While having in such a case a negligible effect ohigher matchedcapacity. In fact, with perfect CSI at the
capacity, as the training sequences are sent infrequently, sexteiver [161], the same result holds for the ergodic fading
the error exponent may suffer significant degradation [164]hannel with a general ergodic independent noise. That is,
Information theory does provide the tools to address sutie associated capacity for the Gaussian case is attained, and
problems, and in a recent contribution [140] the informatiocannot be surpassed by a random Gaussian code irrespective of
detection issue and CSI estimation are treated in a unifidgee actual statistics of the additive noise. We shall further refer
information-theoretic framework. Specifically, the optimato similar results in the context of imperfect CSl at the receiver.
determination of CSI where side information or redundanchhe Gaussian-based mismatched metric has been applied for
at a prescribed rate are available to the receiver is examinadiariety of cases; see examples in [150] and [190].
Information-theoretic measures characterizing detection andn a variety of cases with special practical implications, the
estimation are presented, and associated bounds are fowadeiver has at its disposal imperfect channel-state information,
It is concluded that in a variety of cases the above statedhich it uses to devise the associated decoding metric. Many
method of training sequences is suboptimal. Other papenmrks examine the associated reliable rate using different
such as [287], use information-theoretic measures to comparfrmation-theoretic criteria as the mismatch capacity, mis-
different procedures to estimate the CSlI, which is a dispersir@atched cutoff rate (or generalized cutoff rate) [251], and error
vector channel in [287]. Full statistical characterization afxponents [150, and references therein]. Even here there are
the channel may not always exist, or even if it does exist, itany approaches which depend on the knowledge available
might be unavailable. The compound or composite channels the receiving side. If the receiver is equipped with the
are classical examples, as once the transition statisticsfu statistical description of the paifs,3) where 8 stands
determined, it characterizes performance through the whdde the given or estimated state (relevant fading coefficients,
transmission. While a whole class of decoders achieves floe the case at hand) at the receiver, standard information-
capacity of the compound channel and, primarily, that decodeeoretic expressions apply, via the interpretation sofs
matched to the saddle-point solution (3.3.41) of the worst cgsart of the observables at the receiver. This however is
channel/best input statistics, a considerably more interestsgldom the case, and in most instances this statistical char-
class are universal decoders [164]. acterization is either unavailable or yields complex detectors.
The universal decoder is able to achieve usually not only thiere also, mismatch detection serves as an interesting viable
capacity but the whole random-coding error exponent, whicption.
is associated with the optimal maximume-likelihood decoder The mismatched decoder based on an integer metric, which
matched to the actual channel, and this without any prigrused on digital VLSI complexity-controlled implementations
knowledge of the statistics of that operating channel. Inded@d38], has been considered in [33] in the binary-input fading
universal decoders do not use the naive approach of decouplihgnnel with or without diversity. In such a setting the best
the channel estimation and the decoding process. We shsqlhce partition which maximizes the exact mismatched capac-
reference here only a few such classical universal decodiyshas been found, and it has been shown to be reasonably
as the maximizer of mutual information [64], the universaiobust to the optimizing criterion (either mismatch capacity or
decoding based on Lempel/Ziv parsing [338], [166] applicablaismatched cutoff rate). Again, we shall refer to some other
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relevant recent results [186], [165] and present some of thestimation, that isarg («) = arg (a), which is evidently satis-

results in their most simple setting. fied for the single-dimensional model wherés a nonnegative
Consider the usual complex flat-fading channel (3.3.9gal fading variable [186], the bound (3.3.55) is strictly tight

where it is assumed that the fading and the additive-noifiee., equals the mismatched rate). This bound holds for the

processeda; } and{n;} are independent and ergodic, and scandom Gaussian codebook and it demonstrates on one hand

is the input proces$z,, }, assumed to be circularly symmetricthe usefulness of the mismatch decoding notion in practical

Gaussian with poweE| X;|? = P, . In our model we assume applications and on the other hand it dictates, by noticing that

further that the receiver has an independent estimatef the expression in (3.3.55) is power-limited and upper-bounded

aj, which is optimal in the sense thad(Ag|as) = dax (for by

example,a; is produced by a conditional expectation over U

a given sigma-algebra of measuremepﬁg‘} independent E;log <1+ %) (3.3.57)

of {y:}, that is, a side-information channel which conveys Eajala - al

information onay. via {z}}, where j belongs to some setthat this model is extremely sensitive to the channel estimation

of indices). We assume thatay,ax} are jointly ergodic. error, which is contrary to common belief. In fact, [165]

We interpreta, as the known portion of the channel akxtends the treatment providing similar bounds on achievable

the receiver, while the CSI estimation error is given by thgtes for the mismatched nearest neighbor-based decoder in

sequence;, = (a, — ax). The above assumption guaranteegertain cases where the estimationf « is donecausallyby

that E(exlax) = 0, and it is straightforward to show that  observing the received signajg;}. This extension serves to

eliminate the assumption of an independent side-information

IY, A X) =1(A4; X) + I(Y; X[A) = I(Y; X[4) channel, and allows for causal learning of ¢heriori unknown
=E;1(Y; X|fl =a) fading realizations. Therefore, its practical implications should
a2 P, be evident.
>E@1 > | 1 & . i i
2 0g < + Ea|a|a—&|2Pav+E(|n|2)> This concludes our very short review of some relevant

information-theoretic considerations referred to suboptimal
detection (as mismatched decoding) and the role of imprecise
Herea) results by noticing tha(A; X) = 0, and the inequal- CSI. The material available in the literature for this case is
ity follows by noticing that among the family of uncorrelatec@SPecially rich (see relevant entries in our reference list, and
additive noises impairing a Gaussian input, the Gaussian ndi§gerences therein) and in general this forms a classical exam-
with the same power yields the worst case [186]. This is ple where information-theoretic arguments provide valuable
generalization of the result in [186], which considered tH8Sights y|eI.d|r.19 a strong practical impact. _ _
special case of real signals, Gaussian additive néisg} _6) Diversity: PIVGFSIty, being a major means in coping
the estimatez = E(a) where a stands for a nonnegativeW'th the deleterious effect of fading and time-varying charac-
fading variable. In this case, the external expectatinin teristics of the channel, attracted naturally much information-
(3.3.55) is superfluous. While (3.3.55) provides a lower bourig€oretic attention. We do not intend here to provide a com-
on the mutual information and due to the ergodic nature Bfehensive review of these results (some of their practical
the problem, this expression lower-bounds the capacity in tf@plications to coding will be discussed in the next section),
setting. The bound (3.3.55) depends on basic fedttioéshe but rather mention just a few sample references putting the em-
problem |2 and the conditional errok, ;| — a?; yet to phasis on the interesting case, catching of late much attention,

realize this bound, the decoder has to use the optimal statisfédransmitter diversity That is, transmitter diversity provides

(3.3.55)

based on the channel transition probability substantial enhancement of the achievable rates, which without
any doubt will become extremely appealing in future commu-

p(y, alz) = / da p (y, &, alz) hication systems [220.]. As sqid, space diversity at thg receiyer

is now common practice, which in fact has beenstudied for its

_ / da p(a,a) p(ylz, a, @) information-theoretic aspects in many dozens of references in

’ B the literature. We shall, at best, mention only a small sample

. of those.
- / da p(a,a)p (ylz,a) (3.3.56) Diversity at the receiver with CSI available to the re-
ceiver is considered in [210], where capacities and capacity

where we notice by the channel setting thely|z,a,4) = distributions are provided for two diversity branches with
p(ylx,a), wherep(.) denote appropriate density or condigptimal (maximal-gain) or suboptimal (selection) combining,
tioned density. where both diversity branches may be correlated. It was

An interesting result showed recently in [165] proves th@femonstrated that the beneficial effect of diversity vanishes
the expression in (3.3.55) is in fact an upper bound on tQgy at very high correlations. Capacity with CSI at the
achievable rates of a mismatched decoder which employ$eReiver for Ricean as well and Nakagami-distributions
matched metric for the Gaussian fading channel that assumigg, independent diversity reception is evaluated in [171]
that the channel ig = ax 4 n. For the case of optimal phaseang [118]. Capacity close to Gaussian was evidenced for

11This is in particular evident in the special case [186] where the resuﬁgoqerate degrees Of' d'Ve_'rs'ty' Here Channel'sftate information
depend only on the expectatidi(a) and the variancé(a — E(a))?. available to the receiver is assumed. In fact, in these models
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the receiver diversity manifests itself essentially in changimgeasured in terms of capacity versus outage. The results
the distribution of fading. Tendency to Gaussianity with thapply to the multiple transmitting/receiving antennas case,
increase of diversity is mentioned also in [153] and otherfhus facilitating the comparison of the performance of specific
Some additional results are reported in [11], where capacitpding approaches (as the recently introduced space/time
for Nakagami channels with or without diversity for differentoding technique [281]), to the ultimate optimum. In [226],
power strategies, as optimal power/rate adaptation, constantliscrete model for the time-invariant multipath fading,
rate, and constant power, is evaluated. See also [12], whesi¢h L paths and, respectively}d;, and M, transmit and
capacity is evaluated for three strategies: optimal power areteive antennas is considered. The information capacity is
rate adaptation, optimal rate adaptation, and channel inversgtndied and forms of spatiotemporal codes are suggested.
or constrained channel inversion. Maximal-ratio and selecti@ontrary to what is claimed there, and as evidenced by our
combining techniques are examined, and the capacities egerence list, this is not the first observation of the dramatic
compared to the capacity of AWGN channels under similamprovement due to multiple transmit/receive antennas in a
conditions. It is concluded that, for moderate diversity, theaultipath fading channel. That paper demonstrates that for
channel inversion works very well and is almost optimall. > min (M, M,.), the capacity increases linearly with the
As expected, capacity of the AWGN channel is approachesinimum diversity supplied by the multiple transmit/receive
with the increase of the number of diversity branches. Saatennas as is well known. The coding scheme advocated
also [21], [302], [15], [72], [174], and many other reference the paper should be compared with that in [280] and
provided in the reference list here and reference lists of tfi281]. Elegant rigorous analytical results are provided in
cited papers. With no CSl, it has been demonstrated in [§283], where the multi-input multi-output single-user fading
that for the Rayleigh fast flat-fading channel, the capacitgsaussian channel is investigated with CSI available to the
achieving distribution remains discrete in its input norm fareceiver. Equations for the capacity, capacity distribution (i.e.,
receiver space diversity as well. capacity versus outage), and error exponents are provided. The
While space diversity at the receiver provides considerabiigethodology is based on the distribution of the eigenvalues
gain in performance when the diversity branches are not tobrandom matrices. The exact nonasymptotic distribution of
highly correlated, space diversity at the transmitter yieldsthe unordered eigenvalue is known [82] and used in [283]
dramatic increase in the reliable achievable rates provided thatcompute the capacity of a single-user Gaussian channel
CSlis available at least to the receiver site, which also emplowih M, transmitters and/,. receivers, where each transmitter
diversity. The unpublished report [239] considers the singleeaches each receiver via an independent and identically
user multi-input multi-output Gaussian channel. Shannon déistributed Rayleigh fading complex Gaussian channel. The
pacity and also the capacity distributions are examined for th@pacity assumes the expression [283]
double-ray propagation channel model, and the implications 1
of space diversity are explicitly pointed out. Much more - /Oolog <1+ Pav)\> Z k!
recent literature, as in [326] where the capacity distribution My ) &~ (k4 n. —my)!
for multiple transmit/receive antennas is considered, shows R 2\ m. . —A
the substantial benefit of this diversity, which in fact may (L (A))"A ¢ dA (3:3.58)
yield information rates that increase linearly with the numbepere,, — 1niy (M, My), n, = max (M, My), Pay is the
of (transmit/receive) antennas. See also [92], where capacifyerage transmitted power (all Rayleigh fading coefficients are
caICl_JIatlons of syst(_ams wnfMt_ = M,_, transmltter and normalized to unit power), and
receiver antennas, with the receiver equipped with full CSl, is
evaluated. A nice lower bound is presented, which gives rise
to a suboptimal yet efficient signaling scheme [91]. Substantial
gains are observed, pointing out to this diversity technique as
a crucial part of future communications systems. In [198
information-theoretic calculations for the multiple-transmi
antenna case, where channel-state information is availableMCi
receiver only is undertaken. Suboptimal schemes as in [326¢; 4 1
where delayed versions of the same transmission are sqpt M,=J\—L!oo/0 10g(1+PavV);\/V '—1/4dv (3.3.59)
through different antennas, and Hiroike’s method where phase
shift replaces delay, are also considered. Asymptotically (witthich demonstrates the substantiakar (in A4;) increase in
the number of antennas) with linear antenna processing ittie reliable rate.
shown that the nonselective fading channel is transformed intan fact [288], the result in (3.3.59) is invariant to the actual
a white Gaussian channel with no ISI. fading distribution as long as the i.i.d. rule is maintained,
The case where CSl is provided also to the transmitterwshich is a direct outcome of the results in [266]. This
considered in [43]. The optimal power control strategy for makes the conclusions much more stable and interesting as
single-user block-fading channel is found in the context é&r as practical applications and implications are concerned.
capacity versus outage. The major value of power control The asymptotic result is easily extendible to the case where
put in evidence when capacity versus outage is considerdd, — oo while M,;/M,. is a fixed number, not necessarily
and this is much more pronounced when performance ugity, as in in the example above [283], [284]

14 1 z L dk —z, itk
Li(z) = e W(e AR
the associated Laguerre polynomial. Using the asymptotic
ligenvalue distribution of [266] yields, for example, fof, =
— 00, the result
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While the results of [283] apply to the case where perfetdke on discrete values, but no proof for this conjecture is yet
CSl is available at the receiver, [288] examines also tlevailable.
asymptotic caseiM, very large) where perfect channel state We conclude this subsection by emphasizing again that
is available to both the transmitter and receiver, and hence thieersity is an instrumental tool in enhancing performance
transmitter employs the optimal “water-pouring” strategy tof communication systems in the realm of fading. The gain
maximize capacity. It is concluded, as expected, that for low substantial with transmit-diversity techniques when the
signal-to-noise ratiaP,, /o2, there is a substantial four-fold coherence time of the fading process is adequately large as
increase in capacity, while, faP,, /a2 — oo, the advantage to allow for reasonable levels of transmit diversity.
in revealing the CSI to the transmitter disappears. Reference’) Error Exponents and Cutoff RatesVhile we put em-
[288] reports also some straightforward extensions to tlphasis on different notions of capacity for the time-varying
frequency-selective fading channel. fading channel, much literature has been devoted to the in-
The most interesting single-user diversity case is that of alestigation of other information-theoretic measures of primary
solutely unavailable CSI to either transmitter and/or receivémportance; namely, error exponents and cutoff rates. The error
In this case, the time correlation of the fading coefficients (i.eexponent is one of the more important information-theoretic
coherence timé,y,) is fundamental, as this dependence, if imeasures, as it sets ultimate bounds on the performance of
exists, provides the mechanism through which one can cog@mmunications systems employing codes of finite memory
with the fading process more efficiently as compared to tlsay, block or constraint lengths). While only rarely is the exact
fully i.i.d. (or interleaved) case. The study of [176] examinesrror exponent known [282], classical bounds are available.
this case for the block-fading model, that is, when complekhe standard random coding error exponent serving as a lower
Gaussian fading coefficients are kept fixed for the coherenseund on the optimal error exponent and the sphere-packing
time 1, and selected independently for each coherence-timpper bound coincide for rates larger than the critical rate [94]
block interval. The insightful results of [176] characterizehus giving the correct exponential behavior for these class
the capacity-attaining signal, which should take the forms of channels. (See [94] for extensions.) The cutoff rate [320],
an isotropically distributed unitary matrix multiplied by andetermining both an achievable rate and the magnitude of the
independent real nonnegative diagonal matrix. The strikimgndom-coding error exponent, serves as another interesting
conclusion of [176] is that there is no advantage in providingiaformation-theoretic notion. Although, contrary to past belief
transmit diversity which surpasses the coherence-time limif$78], it is no more considered as an upper bound on prac-
that is, M, = AT, (assumed to be an integer) is optimumically achievable rates, yet it provides a useful bound to the
(though it may not be unique). This important conclusiorates where sequential decoding can be practically used. In
places inherent limits on the actual benefit from increasing th@y case, it is a most valuable parameter, which may provide
transmit diversity in certain systems experiencing relativelyisight complementary to that acquired by the investigation of
fast fading. Clearly, ifAT. is large, the substantial gain ofcapacity.
transmit diversity is attainable, as the ideal assumption ofError exponents for fading channels have been addressed
perfectly known CSI (say, at receiver only [283]) is realistign [153] and [227] for various cases; in [227] the unknown
and can be closely approached in practice. Also, this striki@s| has been examined. In a recent work [282], the error
outcome can be understood within the framework of thgxponent for the case of infinite bandwidth but finite power
relation (3.3.27), which yields here has been evaluated in the no-CSI scenario. This model, where
oy . . . performance is measured per-unit cost (power) as otherwise
HX;Y) = I(&; Y]A) = (I(A; YIX) - I(4; X)) (3.3.60) the system is unrestricted, is one of the few fading-channel
where A is the associated random fading parameter &hd models for which the exact capacity [304] and error exponent
andY are the transmitted/, components and the receivel{96] can be evaluated. In [176] the random coding error
M,. components vectors, respectively. exponent has been studied for the case of multiple transmit and
IncreasingM, under a total average transmit-power conreceive antennas and for the block fading channel. In [85], the
straint E| X |? < P,, yields no advantage, as the subtractintandom-coding error exponent for a single-dimensional fading
part in the RHS of (3.3.60) outbalances the increase (about lghvannel is evaluated with ideal CSI available to the receiver,
ear in M, for large enoughl/,.) in the expansiod(X; Y|4) and the corresponding error exponent for Gaussian-distributed
associated with the capacity of perfect CSI available to th@puts is given in the region above the critical rate through
receiver [283]. capacity. Reference [148] examines the block-fading model in
In [176] bounds on capacity are also given, by using specifierms of capacity, cutoff rates, and error exponents. It has been
signaling (lower bound) or letting the fading parameters kestablished that, though capacity is invariant in terms of the
available to the receiver (upper bound). The capacity afemory in the block-fading model, the error exponent suffers
the latter case (channel parameters known to receiver)aisiramatic decrease, indicating that the effective codelength is
approached for increasing ... The results are extended toreduced by about the coherence blocklength. factor. This
cases with vanishing autocorrelation. The work in [87] deafhenomenon, resembling some previous observations made on
with AT, = 1, and a single-antenna case, but allows fdhe block interference channel [183], indicates the necessity to
multiple receive antennas. Note that the results in [87] providdlow for large delay, that is, to use long block codes, in order
indications that the optimal random variables in the diagon@l allow reasonable performance. In [148] it is concluded that
matrix in the capacity-achieving distribution of [176] shouldvith relaxed delay constraints, while the capacity characterizes
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the horizontal axis of the reliability function (rate), the verticabf error exponents. It is shown that transmitter diversity has
axis (magnitude) is better described by the cutoff rate in tleesubstantial effect on the error exponent as well as on the
block-fading model. The error-exponent distribution, givingapacity as discussed previously.
rise to performance versus outage, has also been investigateth the above we have scanned succinctly only very few of
and commensurate behavior of both capacity and cutoff ratee contributions that address error exponents in the realm of
which behave similarly in terms of the outage criteriomandom time-varying fading channels. However, this sample,
was demonstrated. Space- and time-diversity methods amall though it is, indicates the amount of effort invested
investigated in [149], and shown to be most effective in thato enhancing the understanding of performance of practical
case of stringent delay constraints [149]. In [15], the randoraystems over this class of channels where more insight the
coding error exponent for the quadrature fading Gaussiarere reliable rate is sought. In fact, the results [148], [183],
channel with perfectly known channel-state information at tH&5], [168], [175] for the error exponent reveal the need for
receiver, is evaluated. Average- and peak-power constraints @pesiderable effective time diversity in any practical coding
examined, and bounds on the random-coding error exponeystem, which dictates long delays for slow-varying fading
are provided. Also investigated are optimal (maximal-ratimodels, as to achieve reliable communication in the classical
combining) diversity schemes. It is demonstrated, as in [148hannon’s sense. The importance of CSI at the transmitter in
that the error exponent, in contrast to capacity, is largelgrms of dramatic increase in the error exponent [31] similar
reduced by the fading phenomenon. The case of correlatedhe capacity versus outage performance [43] also deserves
fading is also examined via a bound on the error exponeafecial attention of practical-system designers, and that is
and Monte Carlo simulation. For some additional referencepposed to the negligible increase in the ergodic capacity
see the extensive reference list in [15]. [112] in this setting. Cutoff rate, being a much easier notion to
In another work, [168], capacity and error exponents f@valuate in the fading-channel realm, has been very thoroughly
Rayleigh fading channels with states known at receiver aiyestigated for several decades. See [78] for example, and the
fed back to transmitter are examined. Variable power ameference list [122], [149]-[151], [182], [172], [302], [303],
variable rate, controlled by means of varying the bit duratiof®01], [202], [19], [34], [77], [141], [67], [193], [160], [270],
are considered. The peak-power constraint, as well as feedbp#d] which forms just a small unrepresentative sample of the
delays, are discussed, but the finite feedback capacity problevailable literature. As already said, cutoff rates were denied
is solved correctly in [312]. The optimal power allocationin recent years (especially with the advent of turbo codes and
suggested in [168], which is channel inversion, is misleadirigrative decoding [27], [60]) their status as ultimate bounds on
(see [112] for the correct solution). the practically achievable reliable communication. Yet, their
In the nice contribution [175], upper and lower exponentidémportance as indicators of the error exponent behavior is
(reliability type) bounds are derived for the block-fadingnaintained [148]. Since cutoff rates are relatively easy to
channel withZ diversity branches. The improved upper boungévaluate in more or less closed forms, as compared to the full
is found by letting the parameterp (n Gallager‘s notation random-coding error exponent for example, current results in
[94]) to be channel-state-dependent. The lower bound hingbs literature are of interest, and further research addressing
on the outage probability and the strong converse. Both bouritlss notion in a variety of interesting settings in the fading
are shown to be rather close. The optimum diversity facttime-varying channel is called for.
was found to depend also on the code rate and not only on
the numberL of available parallel independent channels (see ]
[156] for a similar conclusion). Outages as well as cutoff ratdy Multiple Users
are also considered. In the previous subsection we have addressed only the
In a recent contribution [31] the block-fading channel isingle-user case: the main factor giving rise to the whole spec-
considered, where CSI is available to both transmitter andim of information-theoretic notions, techniques, approaches,
receiver. The random-coding error exponent is investigateshd results, was the randomly varying nature of the channel.
and a practical power-control scheme is suggested. In this caséth multiple-access communication, everything discussed
the channel is inverted just for thi€’ strongest fading values, so far extends conceptually, almost as is, to the multiple-
and the result has the flavor of a delay-limited error exponenser case. In addition, the existence of several users adds
A dramatic increase in the error exponent is reported (as extra significant dimension to the problem, which may
expected). Further optimizing the Gallager paramet¢®4], modify not only the conclusions, but in some cases even the
making it fading-vector-dependent, improves considerably tly@estions asked. Even for classical memoryless time-invariant
tightness, as has been already indicated in [175] for the binattyannels, the realm of multiple-user communications affects
case. in a most substantial way the methodology and information-
In [151], investigation of exponential bounds, as well atheoretic approach. New notions as the multiple-access, broad-
capacity and cutoff rates, in the realm of correlated fadingast, interference, relay, and general multiterminal network
with ideal CSI at the receiver is reported. Bounds are giveimformation theory emerge along with associated rate-regions,
with and without a piecewise-constant approximation of thehich replace the simple capacity notion used in the single-
channel behavior. user case [62], [64]. The presence of fading in its general
In [283], the single-user channel with multiple transmit antbrm affects in certain cases the problem at hand in a very
receive additive Gaussian channels is examined also in tersabstantial way which cannot be decoupled from its network
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(multiple-user) aspects. This is demonstrated (and describedrindel stated in Section Il and in Section IlI-B. We shall mainly
some detail in the following) by the observation that in cadecus on the multiple-access channel, and mention briefly the
of available CSI at receiver and average-power-constraineaadcast- and the interference-channel models.

users, classical orthogonal TDMA can no more achieve the Multiple-access fading channelsConsider the following
maximum throughput, in contrast to the unfaded case [62].channel model

We will further see that the very presence of multiple users K
gives rise to new models that incorporate inherently the fading Y = Z AenTen + Mg (3.4.1)
time-varying phenomenon into the multiple-user information- =1

theoretic setting. Clearly, the wealth of the available mate”\?élg_ere 25, stands for the channel input of théh (out-of-

prevents any exhaustive, or even close-to-exhaustive, tre user anday, designates the fading value at discrete-time

ment of this topic. Here, to an extent even greater than bEf%stantk of user/. The additive-noise sample is designated

n thls sectlon., we shall discuss onl)_/ a few select resultg, ng, While . represents the received signal at discrete-time
leaving the major part of results, techniques, and methodolg tantk. We assume that all processes are complex circularly

to the references and reference lists therein. In essence, we . : )
symmetric (proper). The ergodic assumption here means that

shall follow the same path as in our previous exposition, bfe assume{a,; } to be jointly ergodic in the time indek

emphasizing only the information-theoretic aspects typical 9 d also independent from user to user (in the infex\Ve

multiple USErs Qperathg n a 'fadmg regime. T.hOUQh the,r';lessume that all the input is subjected to equal average-power
are a variety of interesting multiple-user information-theoretic

models, we shall focus on the multiple-access channel ac nstraints only, that isf|.X,|” < Py, V£. First we address
' P ’ [tﬁe case where CSI is available to the receiver only. Here

to a lesser extent, on the broadcast channel, mentioning a[sg h I fadi lizati ilabl

some relevant features of the interference channel [62] emeans_ that all fa ing rea |z_at|on~$aék} are avallable to

shall put special emphasis on recently introduced ceI.IuIt e receiver, whose intention is to decoalé K users. The
put sp P : y "8 hievable rate region is given here by

communication models, which have gained much attention

lately. Z v P,
1) The Multiple-Access Finite-State Channigl:parallel to B
the treatment in [41], providing a general framework which ac- Z Re< Eylog [ 1+ T gz
counts for available/not available/partially available channel- teB
state information (CSI) at transmitters and/or receivers, the )
preliminary results of [69] provide the framework and th¥"h62re3 is a subset of the sqtl,2,---, K’} and whereué =
general structure of the results in the multiple-access fadiffl” designates the received fading power aﬁd: Eln|® s
channel with/without CSI available to receiver/transmitter uii€ Noise variance. The irrelevant time index is suppressed
der the ergodic regime. The framework of [69] encompassggre- The expectatiod, operates over all fading powers
finite-state channels with finite-cardinality input, output, an§”¢}> ¢ € B. The normalized sum rate per user indicates
state spaces, yet the structure of the results provides insighftp, Maximum achievable equal rate per user and it is given by
the expressions derived for standard multiple-user (continuolfdfing & be the whole set, yielding

(3.4.2)

fading models with different degrees of CSI available at K
receivers/transmitters. . KP, _ZW
i 1 & 1 K&
In fact, some of the results can be extended to continuoys_ 1 ZR —Evilog |14 =1 (3.4.3)
real-valued alphabets [69] and, in parallel to [41], in [69 K~ t K ® o2 ' o

some special cases are identified where “strategies” (in the
terminology of [237]) are not needed, and signaling over the
original input alphabety suffices to achieve capacity. Somat s interesting to note that, by a careful use of the central

of those specific cases, particularized to a simple ergogiit theorem, ask increases we have [255]
flat-fading model, are presented in the following.

It is appropriate to mention here that the multiple-access R — ilog <1 + K%V) (3.4.4)
channel, even in its simplistic memoryless setting, demon- K—oo K a

strates some intricacies: for example, a possible differeng@ere the RHS is the result for the regular AWGN channel
between the capacity regions with average- or maximumngd, by Jensen’s inequality, is an upper boundktm (3.4.3).
error criterion [80], which are equivalent in the single-usafye see that the deleterious effect of fading is mitigated by the
setting. We shall not address further these issues (see [18eraging inter-user effect, which is basically different from
and references therein]) but focus on the simplest cases, gf¢k/frequency/space averaging in the single-user case (see,
in this respect on the average error probability criterion.  for example, [329]). Equation (3.4.3) already demonstrates
2) Ergodic Capacities:In parallel to the single-user casethe advantage of CDMA channel access techniques over
the ergodic capacity region of the multiple-user (networlgrthogonal TDMA or FDMA. In this simple setting, the

problem is well defined, and assumes the standard interpsethogonal TDMA or FDMA give rise to a rate per user
tation of Shannon capacity region. We shall scan here several

cases with CSI available/nonavailable to receiver and/or trans- Rrpuva = Eyi log <1 + KPaV”)_ (3.4.5)
mitter. The issues treated here are special cases of the general K o?




2646 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 44, NO. 6, OCTOBER 1998

With TDMA, a user transmits once pédf slots with power powersyy, s, -+, v IS
K P,,, while with FDMA a user occupied/K of the fre- p o i K
. . . 'wé(l/]m] - 1727 ) )
quency band with equivalent noise of powér/ K. We assume 1 1
that either each frequency slice or time slot undergoes simple N ve> N>y j#EL (3.4.7)
flat fading, hence giving rise to (3.4.5). By Jensen’s inequality v

! ) _ 0, otherwise
it follows immediately [255], [283] that and the associated average rate per user equals

E 1 1 EI(: CTR S / 1()g 1+ - = — FI( 1( ) dF( )
. = " 1/ 1/ /).
log P; v iy CSI o 1 )\ v 1 1

(3.4.8)

is a nondecreasing function &f for i.i.d. nonnegative random Clearly, if the best fadingnax (1;,£ = 1, - -, K) falls below
variables{c.},£ = 1,2, --, K, thus establishing the advan-the threshold\ no user transmits at all, whepeis a constant
tage of CDMA over TDMA and FDMA under this fading determined by the average-power constraint as follows:
model. For further details, see [97], [255], [48], [29], [86], o /1 1\t
and [298]. / <— - —) F,(n)E~YdF,(v) = Poy/o?.  (3.4.9)

A natural question that arises here is how orthogonal CDMA /2 A _ ) )
compares to the optimum (3.4.3) and to orthogonal TDMA anthe power control in (3.4.7) describes a randomized TDMA
FDMA (3.4.5). In orthogonal CDMA, ali{’ users use orthog- Where indeed only one user at most transmits at each time
onal direct-sequence spreading (say, by Hadamard (Walsk)t, but the identity of this user is determined randomly by
bipolar sequences). This method, assuming not only ergodfte realization of the fading process. This strategy does not

but i.i.d. fading also in time, gives rise to the expression [258fpend on the fading statistics (as far as joint ergodicity is
maintained), but for the constarkt which depends on the

marginal distribution of the fading energy, («), « > 0, and

this optimal strategy is valid also for nonequal average powers,
where then the fading values should be properly normalized
where the entries of théd x K matrix A% is the Sclir in (3.4.7) by the respective Lagrange coefficients [155].
(elementwise) product of an i.i.d. complex fading matrix and In contrast to the single-user case [112], where optimal
K x K an orthogonal (e.g., Hadamard) matrix. ThHex K power control resulted in just a marginal increase in the
identity matrix is designated by*. A surprising result in average rate, here, in the multiple-users realm, the optimal
[255] is that it is not necessarily true thdtocpyma > power control yields a substantial growth in capacity,
Rrpuma for all ili.d. fading distributions, and an examplejncreasing with the number of user®, with respect to
for a distribution of fading for whichRrpma > Repw for  the fixed-transmitted-power case with the optimal CDMA
K =4, is given in [255, Pt. ll]. The reason is that the flatstrategy [97] also over the Gaussian classical unfaded
discrete-time fading processeas modeled herecan never maximum sum rate [62]. The intuition for this result [155]
destroy the inherent orthogonality of orthogonal FDMA ois that if K is large, then with high probability at least one
orthogonal TDMA, but can do so in the case of orthogonalf the i.i.d. fading powers will be large, providing thus an
CDMA. For further details on random CDMA in a flat-fadingexcellent channel for the respective user at that time instant.
regime, see [254]. Another model, where orthogonal CDMAuch a channel is in fact advantageous even over the unfaded
TDMA, and FDMA are interpreted as different ways of usingsaussian channel with an average power gain.

degrees of freedom in a fading regime, is considered in [86], The extension to frequency-selective channels is quite
where it is shown that, as far as aggregate rates (or equal ragdsgightforward under the assumption that the Doppler
are concerned, with symmetric resources all the orthogorsgread is much smaller than the multipath bandwidth spread
methods (CDMA, TDMA, and FDMA) are equivalent. As it(7,,B; < 1), decoupling in fact the frequency-selective
will be mentioned, orthogonal CDMA exhibits advantage ovdeatures and the time variation (assumed to follow an ergodic
orthogonal TDMA and FDMA in terms of capacity versugattern). The result, as determined in [157], is in fact exactly
outage. It is interesting to examine the model yielding (3.4.85 in the flat-fading case: however, this strategy is employed

P,

1 - P gk
Rocpua = g5 Elog |det <II‘ + ?AI‘AI‘TN (3.4.6)

in terms of capacity versus outage. per frequency slice (whose bandwidth is of the order of
We proceed now to the case where the CSI is availalilee coherence bandwidth). That is, at any time epoch many
at all transmitter sites. That i, = |a¢|®>,# = 1,2,---, K, users may transmit, but at each band is occupied only by

is available at each of the transmitters. Here we have anothesingle user, the one that enjoys the best (fading-wise)
optimization element, viz. power control. In view of the formeconditions at that particular band and time. As in the single-

result for CSI available at the receiver only, it is ratheaser case, since statistically all frequencies are equivalent,
interesting that the optimal power control as found in [155] tthe ergodic capacity remains invariant to whether the channel
optimize the throughput, dictates a TDMA-like approach. Faxhibits flat- or selective-fading features. However, in the

equal average powdt,, for all users, the user that transmits iselective-fading case the average waiting time for a user to
the one that enjoys the best fading conditions, and the assigt@eshsmit reduces, as now for a wideband system there are
power depends on that fading value. The instantaneous poweny frequency bands (about the total bandwidth divided by
assigned to théth user, observing the realization of the fadinghe coherence bandwidth) over which transmission may take
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place. Algorithms to control the waiting time associated withnly. The achievable throughpiitRgrrest (wWhere RURCSI
this random TDMA accessing over the flat-fading channel astands for Random Users Receiver Channel State Information)
suggested and analyzed in [29] and discussed in the followitig.given by
It is shown, contrary to the single-user case, that optimal p. X
power control, made possible when ideal CSl is available to TRryurcst = Ex E, log <1 + = Zyi> (3.4.10)
all transmitters, yields considerable advantages with respect to o2 o
the ergodic throughputs for many users, when fixed powenighere we have explicitly designated Wy, the expectation
used (optimal for CSI available to receiver only). The optimalith respect to the number of users. By using [255, Pt. II,
power allocation is no more than the extension of the “wat@ppendix 2, Lemma] we see that
filling” idea to this setting, where in the frequency-selective B0
case water filling is done in both time and frequency. See _ ) av ‘
also some results by [50] on this matter, and for the first Thrurcst < Travrest = Eylog | 1+ oy ; Vi
extension (of water filling) to the multiple-user case over - (3.4.11)
fixed intersymbol-affected Gaussian channels [56]. o

While [155], [157] considered the throughput (sum rate)vhereZr aurcst stands for the throughput associated with the
in a remarkable work [43] the polymatroidal structure of th@veragé® number of usersZ(K).
multiaccess Gaussian capacity region was exploited so as td many situations we are interested in the average rate per
provide an elegant characterization of the capacity regitiger- While in the case of a fixed number of transmitting users,
along with the optimal power allocation that achieves tH&e maximum equal rate per user is given by the throughput
boundary points of this region. The results are derived for tigévided by the number of users, this is no more the case when
flat and frequency-dispersive cases, under the standard sldwis random. The maximal equal rate per user is given here by
time-variation assumption. A variety of other most interesting 1 p.X
and multiple-access models exists [64], where one of the most Rrurcst = Ex By 5 log <1 + = Z w)- (3.4.12)

. . . . ‘ . g2

relevant for practical applications is thé-out-of-K multiple-
access channel” model. Here out &f potential users, at Now using the convexity of ~! log (1+ =), in a similar proof
most L are simultaneously active, and the achievable relialde in [255, Pt. I, Appendix 2, Lemma ], it is verified that
rate]c region, irrehspec;cive of thehidentity Olf th? active ijsirs, . 03]
is of interest. The information-theoretic classification of this ) av
channel, in which the set of active users is random (but uppeIF-RURCSI 2 Ravrost = EKE(K) log {1+ P ; Vi
bounded by.), is standard: in fact, it falls under the purview of /_(3 4.13)
normal channel networks (we adhere here to the terminology T
of [64]) (see also [217] for some additional results includinghis demonstrates the rather surprising fact that random ac-
error exponents). This model has been investigated in [64FSsing helps in terms of average achievable rates per user
[14], [48], [53], in combination with CDMA, where [48] When compared to average performance. This was also con-
focuses on the fading effect. Parallel to [97], it is demonstratétded in [255] for another setting where the random number
that CDMA is inherently advantageous over FDMA in th®f faded interfering users (other cell users) was considered.
presence of fading. Clearly, it follows by (3.4.11) and (3.4.13) that

Up to now we have assumed a fixed number of users trans- E(K)Rrurcst > Ravrcst- (3.4.14)

?:etzttlvr\]/gr:((; a;rsetce(er;vser'alnu(s:g:ng‘:cneggge!;gogﬁgrngu?:ﬁfﬁlere we have demonstrated only a glimpse of the surprising
as it gets aymessa; e to be transmitted [95], [28], [84] Trrf%'gtures which are associated with information-theoretic con-

9 ge to b U S|d{erati0n of random accessing in multiple-access channels in
random access of users is a fundamental issue which is notge

=1

satisfactorily treated in terms of information-theoretic concep eneral and fading MAC in particular (for more examples see

e : . [255]). These interesting observations motivate serious study
[95], [28],[84]. Indeed, theL-out-of-K° model discussed is . - "y yet immature branch of information theory [95],

motivated here in a sense by random-access aspects, biéél Another possibility is to consider the average rate per

does not capture the fact that the number of transmitting users:” * .. : . .
. . . : a specificuser, where this rate is measured only while that
might itself be random and not fixed. Rather, it resorts to an™" . ; : g
. D . user is active. Under the assumption of all individual users

upper bound to the number of active users (this is its maximurm . .
independently accessing or not the channel, the average rate is

possible numbet.), which dictates in a sense of worst case. : .
achievable rates. Here we demonstrate originally this situati yen by (3.4.12) withi replaced by +1, accounting for the

where it is assumed thak—the number of transmittin act that the inspected user is active by definition. There are
9 different variants to the problem, and the expression to be used

users—is an integer-valued positive random variable know . . L
. . epends on the interpretation. See [9] for another simplistic
both to the transmitters and the receivwe further resort to ) - .
odel where other users are considered as additional noise.

the case of CSI for all active users available at the receiver sri]tqe]_he multiple-user case gives rise to different cases in

PP - . . terms of the available CSI. We shall demonstrate this by the
This information is supplied, for example, by a control channel in cellular

communication. This assumption can be mitigated for relatively long duration ) ) ]
of transmission, which facilitates, for example, the transmission of a reliable’*E(X) stands for the upper bounding closest integer ey, that is,
“user identification” sequence to the receiver, at negligible costinrate. E(K)—-1< E(K) < E(K).
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following example. The results of (3.4.7)—(3.4.9) describe thedex k. As usual, we consider the average-power constraint
situation where full CSl is available to the receiver anéach and are interested here in the sum-rate (throughput), which
of the user’s transmitters facilitating thuscantralizedpower is equivalent toK times the maximal equal rate per user.
control strategy. Another case of interest, briefly studied # rather surprising result is described in [259], based on
[331], considers the noncentralized power control. Here, eadinterpreting the results of [176] where the number of transmit
transmitter has access only to that fading variable that affeeistennas is taken to hi€—the number of users. This result
its own signal. Thus the power control can be based just demonstrates the optimality of the TDMA channel accessing
that knowledge. In [127], it was demonstrated that for thiechnique here, where each user transiits” of the time in
simple case of fading random variables that take on discrét®assigned time slot and when transmitting the average power
values from a set of finite cardinality and for asymptoticallysed isK P,,. The throughput is then given by the solution
many users, the optimal strategy tends to the extremal ca$g87] where the per-user SNR & P,, /o2, and where the
that transmission takes place only if the fading power aeptimal capacity-achieving input distribution is discrete. It is
sumes its maximum possible value. It was also claimed thastructive to learn that, while for available CSI at the receiver
under these asymptotic conditions decentralized power contiflok CDMA channel accessing technique is advantageous in a
entails no inherent degradation (see also [126]). Randomizieding environment [97], TDMA prevails in the case of no
decentralized power control strategies are addressed in [249FI. If CSI is available both to transmitters and receiver (in
In general, no ideal CSI is available and only partiad centralized manner), again a TDMA-like (i.e., randomized
information is accessible to the decoder/encoder. This case §&@MA) becomes optimal [155], where the randomization is
again be treated in a standard way in the multiple-user settiggverned by the rule allowing only the one enjoying the most
in parallel to the single-user situation, as has been discussefwvorable fading conditions to transmit.
the previous section. This falls within the framework treated For ideal CSI available to the receiver and/or transmitters,
in [69], for example, in case of partial CSI (denoted &y,) the memory structure of the fading process is irrelevant
available at the receiver only. The standard interpretatidior capacity calculations, which depend only on the single-
where the received signal is interpreted as the tfpleas.}, dimensional marginal statistics. This is not the case when CSI
yields the desired results within the standard multiple-accassabsent: here, the results depend strongly on the fading mem-
Shannon theory [62] under ergodic assumptions. ory. The block-fading channel model, as introduced in [210], is
The interesting and important case of multiple-access fadirgpdily extended to the multiple-user case by assuming that the
channel model, as given in (3.4.1), with no CSI available fading coefficients stay unvaried for blocks of lengtfi. and
either transmitter or receiver, gained relatively little attentiomre independent for different blocks. In this case, the mixed
contrary to the single-user case. In [185] some inequalities GDMA/TDMA strategy where at each time epodtil;. users
average mutual information were used to assess the effecaod active simultaneously, is studied in [259], where AGF,
not knowing exactly the CSI for the single- and multiple-usehe CDMA technique takes over, and all users transmit
case. For the multiple-user case, interference-cancellation tesinultaneously.
nigues are advocated, even where CSl is not precise. In [186]3) Notion of Capacities and Related Propertielst paral-
the implications of unknown CSI are assessed via boundsl. to the single-user case, the ergodic capacity or capacity
The lower bound is of the type of (3.3.55) with= E(a), region of the multiple-access channel, though important, com-
which associates the unknown part with equivalent additiy@ises just a small part of the relevant information-theoretic
Gaussian noise. Mismatched metric is often used in practitesatment of meaningful expressions which indicate on the
where CSI is not precisely known or when the matchddformation transfer capabilities of the information network
metric is too complicated to be efficiently implemented. Fasperating under fading conditions. We will first concisely
results on mismatched metric applied to the multiple-accesstend the view of the single-user case to the multiple-access
channel, see [162], [161], and also [164]. In [161], the optimahse, accounting specifically for capacity versus outage, delay-
Gaussian-based metric in a fading environment with idelihited capacity, and a compound/broadcast approach. Then,
CSI at the receiver is studied, and the achievability of thbe very nature of the multiterminal/multiple-user realm is
Gaussian fading channel capacity region is established for nehown to give rise to very relevant information-theoretic
Gaussian additive noise under some ergodic assumptions (seelels, to be addressed briefly. Some of the examples to be
[164] for more details). In [23], the binary-input multiple-considered are the broadcast and the interference channels,
access channel is considered for a Rayleigh fading and thyerating under fading conditions. Due to space and scope
random phase impairments. The fading or random phdsaitations, the presentation here will be very short and
processes are assumed to be i.i.d., and it is shown thatréstricted to very few (mainly recent) works.
both cases the sum rate (throughput) is bounded and does not Capacity versus outageThe notion of capacity versus
increase logarithmically with the number of users (as is tlmitage is easily extended to the multiple-access case. Some of
case in the Gaussian multiple access channel). In [282], the early references treating this problem are [49] and [50].
i.i.d. Rayleigh fading multiple-access channel is considerdd, [49], the outage probability for each user in the symmetric
and the asymptotic (with the number of users) throughput Is-user setting is associated with the required average power
determined for the case of unrestricted bandwidth. for operation at a given rate. In [50], the corresponding outage
We focus now on the simple model in (3.4.1) with all fadingrobability of the optimized signature waveform is discussed,
CSl{ag} iid.inbothe =1,2, -, K, and the discrete-time which turns out to be overlapping in frequency in the fading
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two-user case. Capacity versus outage for orthogonal accesshg result for the complex fading channel (3.4.1) takes on a
techniques (CDMA, TDMA, and FDMA)) is discussed in [86] simple form
where the advantage of TDMA is demonstrated. -

The multiple-access compound-channel model treated ycor. _ 1)/ [1+ F,(r)(cCrr — 1)]51
[124] is fundamental in the interpretation of the capacity- 0
versus-outage region as it is intimately connected with the (3.4.15)

e-capacity region discussed in [124]. In parallel to the single- G .
user case for invariant fadingB, = 0), we associate with whereF, () stands for the probability distribution function of

. et )
a rate vectork (whose dimension is equal to the numbef® fading power = Ela|* assumed to be independent for
of users—K) a setAgz. A vector parameterd, standing all K users. The optimal power allocation is geometric [315]

for all relevant fading realizations, belongs fg; provided (K —F)Cpr,
that A gives rise toRR using the standard multiple-access P, va, i) = ———— (3.4.16)
capacity-region equation. The associated outage probability Yk
for this vector 2 is designated by ouiage(2) = Prob(A ¢ where we assume proper ordering of the user according to the
Ag). For no channel dynamic$B; = 0), the capacity- fading power such that; > 15> -+ > vg.
achieving distribution with CSI nonavailable to the transmitter The study [127] introduces also a notion of a statistically
is Gaussian, and remains the same for all fading realizatiopased delay-limited multiple-user capacity. This notion re-
Otherwise, in more general models of fading, or when partiglires no power control at the transmitters, and the achievable
CSl is available to the transmitteA r should be interpreted rate region is guaranteed via the statistical multiplexing of
as the largest set, with a meaning similar to that of the singl@rany independent users, which are affected by independent
user case discussed before. If ideal CSI is available to thagling processes. For any desirable performance threshold as
transmitter, the associated compound channel capacity is the average error probability, there exists a code of sufficient
capacity with the worst case fading realization in the clags lengthn and a sufficiently large number of users, such that the
as then the transmitter may adapt its input statistics to achiemgerage probability of a decoding error does not exceed the
the actual capacity per fading state realization. Further wopkescribed threshold (small though it may be), provided the
on this notion in the realm of multiple-access fading channelates belong to the statistical delay-limited capacity region.
is called for, so as to encompass cases of frequency selectivihat limiting (K — oc) region is, in fact, independent of
and allowing for time variation of the fading parameterghe realization of the fading process. Clearly, this notion
yet not satisfying the ergodic assumptions. Studies parallelimherently relies upon the existance of multiple users and has
[43], which treats the single-user case, are also needed asidosingle-user counterpart. A problem related to the delay-
assess theoretically the value, expected to be significantlinfited multiple-access capacity is the “call admission” and
CSI at transmitter, given in terms of capacity region verstminimum resource (power) distribution” problem [128]. In
outage, in the multiple-user setting. the latter context under given average power constraints and
The capacity versus outage of the Knopp—Humblet [153] desired bit rate vectaR (which should be admissible—in
optimized accessing algorithm in the flat-fading MAC is disthe call admission problem—that is, it should belong to
cussed in [29], where it is assessed in terms of the distributitiie associated delay-limited capacity region), the minimum
of the reliable transmitted rate in a window @éftime slots possible power that achieveB is sought. The criteria to
(say). A study of the capacity-versus-outage approach dietermine the minimum power is minmax, where the max is
the interestingL-out-of-K multiple-access channel model istaken over the users and the min over respective powers. The
conducted by [48]. It is demonstrated that the advantage aifjorithm in [128] for the optimal resource allocating solves
CDMA over FDMA in the symmetric two-user case is greatesimultaneously also the call admission problem. Related results
in terms of capacity versus outage than in terms of ergodit [197] address another criterion, the minimum transmit
capacity. See also [86] for the capacity—outage performanseergy for a given rate vector and given realizations of the
of various orthogonal accessing methods in the fading reginfeding (referred to in [197] as channel attenuations). It is
Delay-limited capacity and related notionsThe notion shown similarly to [128] that the best energy assignments give
of delay-limited capacity is thoroughly investigated in [127]sise to successive decoding. This conclusion does not extend
where a full solution is given for the case of CSI available tw receiver diversity.
both receiver as well as transmitters. In parallel to the single-While the ergodic capacity of the sample flat-fading MAC
user case, the delay-limited capacity region is achievabteodel with fading CSI available to both transmitters and re-
irrespective of the dynamics of the fading. The polymatroiceiver gives rise to the optimized centralized power controlled
structure of the underlying problem is exploited to showandom TDMA approach [155], the random nature arises since
that the optimal decoding is, in fact, successive interferenoaly the user that enjoys the best fading conditions transmits,
cancellation [62], [315]. The optimal power allocation igprovided that the fading value is above a threshold. Yet, on the
such that it facilitates successive decoding with the propaverage, each of thi&-users occupies exactly —* of the time
ordering, which has explicitly been found in [128]. In a simplslots, as in TDMA. Contrary to standard TDMA transmission
symmetrical case, where all users are subjected to the samdone in a random fashion, thus causing inherent increased
average-power constraints and where we are interested in die¢ays: in fact, a certain user may wait a long time before
delay-limited throughput (that is, equal rafé,;, per user), he enjoys the most favorable fading conditions, and hence

dF,(r) dr— P,

T o2
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transmits. In the frequency-selective case [157], having md@&l], [247] when a prior on the compound-channel parameter
opportunities to transmit, this undesired prolonging of delay &t is available.
mitigated to some extent. In [29], modified access algorithms 4) Other Information-Theoretic Models: The Compound,
were suggested to alleviate the increased delay associated Wittmposite, and Arbitrarily Varying Channel Model#n par-
the optimized accessing [155]. The first version [29] defingdlel to the single-user case, the compound and the composite
a delay parameter of. slots, where it is demanded that allMAC are useful notions and as such the rather rich mate-
K < L users should transmit within a window éf slots. If rial treating these models [164] is of direct relevance. The
this is satisfied at a certain epoch, the transmitting user wilbmposite MAC gives rise to rigorous treatment of capacity
be the one enjoying the best fading conditions as in [155kgion distributions (in the sense of broadcast approach [247])
and if it is not satisfied, the transmitting user will be the onand clearly coding theorems, in such a setting, are of interest.
satisfying the maximund.-slot delay constraint independentlyThe results of [124] based on information spectrum provide a
of its fading realization.. very appealing approach for deriving coding theorems in this
Another version of a delay-reducing algorithm [29] examkind of problems, the MAC being the natural extension of the
ines a standard(-slot TDMA: in each time slot it is checked single-user formalism.
whether the user assigned to that slot has transmitted in dn the multiple-access case, arbitrarily varying channels
moving pastL-slots delay window. If the answer is positive(AVC's) play an even greater role than their single-user
then the user that enjoys the best fading condition, irrespect@unterpart, as here the existence of additional users induces
of its index as in [155], transmits. Otherwise, only the user withew interesting dimensions. Also here, as in the single-user
the same index as the current time slot (as in regular TDMA) éase, we advocate the introduction of state constraints in
allowed to transmit. In [29] these variants of a delay-reduciragdition to the input-average-power (or other) constraints.
algorithm are analyzed in terms of average rate versus fhieis extension, formulated in a straightforward way sim-
delay constraintL, relying on Markov and innovation prop-ilarly to the single-user case, is especially interesting in
erties of the channel-access algorithm. Power control is ald® multiple-user case. Not only may it give a better, i.e.,
incorporated and compared to the results of fixed transmittleds pessimistic, model for practical applications, but, as
power. The capacity versus outage of the proposed delaygued for the single-user case, this model also introduces
reducing algorithms is discussed in [29], and compared tioe notion of AVC capacity region versus outage, where
these features in the optimized (without any delay constraintg)w the outage probability is associated with the probability
algorithm of [155]. As in the single-user case, the delay-limitetthat the state sequence (fading realizations in our setting)
capacity is associated with the multiple-access compouddes not satisfy the assigned constraints. This example also
capacity [124], where the channel’s statistical characterizatidemonstrates an interesting new features of this information-
is uniquely defined by the fading parameters, constituting hateoretic problem, as for example, the state-constrained AVC
the parameter space of the compound channel. capacity region is nonconvex in general [117]. The possibly
The broadcast approachWhile fading broadcast modelsdifferent results for deterministic versus random codes as
are treated separately, the extensions of the expected capasgil as average and maximum error probability criteria (see
[61], [247] to the multiple-user case is of interest [247][164] for details) implies here operational practical insight
The basic model is a combined multiple-access and broadoafspreferable signaling/coding approaches depending on the
channel where severdl') users convey simultaneously in-different service-quality measures and planning. As detailed in
formation at different rates td/ receivers. The general vector[164], there are many yet unresolved problems in the context of
capacity region of the multiple-access/broadcast channel masltiple-user AVC, even in the time-invariant unfaded regime.
not yet been fully characterized. In [247], a convenient sub- 5) Signaling Strategies and Channel-Accessing Protocols:
optimal approach is taken, extending the single-user strategy. mentioned before, the network (multiple-user) information-
That is, each user transmits simultaneously a continuum tbkEoretic approach to the fading channel inherently provides
different information rates. The receiver is parametrized mew facets to the problem as it highlights various options of
a vector of K fading uses, where each affects indeperthannel accessing. This is not unique to the fading channel: in
dently the associated transmitted signal. The realization faict, many of the most interesting relatively recent techniques
this fading vector determines the instantaneous rate regware developed for the classical multiple-access AWGN chan-
(for the K users) that the receiver can reliably decode usimgl. In this subsection we shall briefly describe some of the
the successive interference-cancellation technique. The poweeresting accessing techniques which have been attracting
distribution of the transmitters having no access to the fadinigterest for the fading environment.
coefficients realization can be optimized to maximize the CDMA, TDMA, and FDMA: The classical techniques of
expected capacity per user (all users are assumed symmet@&)MA, TDMA, and FDMA are commonplace in a multiple-
in a fashion similar to the single-user case [247]. In thigccess channel model without or with fading. While for
model, as in the single-user case, no CSl is available to thenfaded channels orthogonal channel accessing, which guar-
transmitter, and the result holds for both given and unavailatdatees no interuser interference, meets the throughput capacity
CSI at the receiver when the fading parameters stay constlmit, under average-power constraints [62], as we have seen
over the whole transmission. As commented before for tlme the previous section, this is no more so when fading
single-user case, this approach addresses the expected capacityesent. It was demonstrated, for example, that CDMA
region which combines broadcast and compound channelsadvantageous [97] for known CSI at the receiver, while
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TDMA is preferred when no CSI is available [259]. Undeterms of throughput or bandwidth efficiency is compared with
the standard terminology, by CDMA we mean full codingthe optimal detector. Random signature sequences modeling
that is, all redundancy being used by coding. Other schem#® practically appealing cases of long-signature sequences
where direct-sequence spreading is combined with coding, tegteading many coded symbols are stressed. Other nonlin-
is, when the available redundancy is split between spreadiegr front-end detectors, as decision-feedback decorrelator and
and coding, are of primary theoretical and practical intere$iMSE processors, were also addressed (see [196] and [254,
Extensive study of this issue has been undertaken, as evidenegérences]) and shown to be very efficient. The literature
in the small sample of references [234], [179], [180], [235bn the information-theoretic aspects of this issue is so vast
[316], [305], [306], [134], [318], [181], [301], [307], [104], that the references here, along with the reference lists therein,
[299], [308], and references therein. Characterization of thgovide hardly more than a glimpse on this issue (see [308]
properties of these schemes, which still maintain optimalighd references therein for more details).
in terms of thrOUghpUt on the AWGN Channel, was addressedMuch less work has been done on the fad|ng regime_ In
in [234]. It was shown that under symmetric power allocatiopps4], two fading models were addressed: the homogeneous
spreading with processing gain no larger tif&@a-the number model affects each chip independently, while the slow-fading
of users and sequences satisfying the Welch bound—presenyggjel operates on the coded symbols, where that fading
optimality. For the case where the processing gain is ex#€tly process is either correlative or i.i.d. (in case of ideal in-
or larger, orthogonal spreading sequences maintain OPtimal'tté(rIeaving, for example). The results in [254] demonstrate
For general results with asymmetric power constraints, sgg inherent asymptotic robustness of the random spreading
[547]. _ _ _ ) ) coded system to any homogeneous fading, and this approach
The question now is, what happens in a fading regime? |, antees asymptotically full mitigation of the homogeneous
[255] it is shown, for example, that when fading is preseR jing effect. It is also pointed out that the difference between
orthogonal DS-CDMA is not always (for any Li.d. fadingqima| spreading and random spreading measured by the
distribution) advantageous over TDMA, a somewhat COURto mation-theoretic predicted bandwidth efficiency dimin-
terintuitive resqlt. _In ano_ther_ model [86]’_ where degrees 9{hes even more in the homogeneous fading regime. There
freedom are distributed in different fashions for orthogon%re many misconceptions relating to the information-theoretic

TDMA, FDMA, and CDMA, all three orthogonal accessmgaspects of coded DS-SS, random versus deterministic CDMA,

techniques remain equivalent under the fading regime. '\"a.‘{% role of multiuser detection in this setting, and the like.

misconceptions appear in reference to fading, one of whi fth . . dispelled i |
is the conclusion that fading can be absolutely mitigat me of these misconceptions are dispefied In [307] (see also
54], [308], and references therein).

by adequately complex coding systems (see, for EXamMpPIe e struggle to achieve the full promise of information
[25] and [36]). Fading can be mitigated only under Spec'ﬁlweor in the network multiple-user systems by adhering to
conditions, for example, in wideband systems [153], [94]. | myore familiar single userr) techniqqu gave riyse not on?y to
17 2 i hi f i j

[179] and [235], a pragmatic approach is suggested for cod previously discussed combined coded DS-SS with essen-

for the multiple-access channel. The users employ in a set_ il decod ded by simol itiol
a concatenated coding scheme where the outer code sy Singie-user decoder proceeded by Simple mulliple-user

fact a modulation or “partial modulation” in the terminolog)ﬂ?mc’du_lators' but also led t.o avariet.y of novel interestiqg and
of [180] and its function is to separate at the decoder tﬁ(l_':pmulatlng channel-accessing techniques. These techniques, a

users into groups. In in each group, detection is made awall part of Whigh will be shortly scapned in what follows,
the basis of a “single-user” approach. The classical exam@ Not necessarily connected to fading channels. They do,
for this setting is direct-sequence spread spectrum (DS- ever, ope_zrate in an optimal or _at least a rather efficient
where the spreading acts as an inner “partial modulator,” afgphion also in the presence of fading. _

the despreading as the corresponding decoder (pre-processor). T N€ single-user approachThe strong practical appeal of

In [179], it is argued that the partial modulator/demodulatdf€ Single-user approach and the relatively large experience
central function is to create a good single-user channel for th#h capacity-approaching coding and modulation methods in
coding system. Separating the burden of decoding the us8fisAWGN and fading environment [27], [90], [60] motivate
between the demodulator, which demodulates (decodes) W@orous search for efficient single-user coding techniques
inner modulation code which is to account for the presen¥glich do not compromise optimality in the multiple-access
of multiple users, and the standard decoder for the code,r@gime.

the issue of [235], where the linear minimum mean-square-One of the first observations, which extends directly to the
error demodulator is advocated (see also [254], [51], aifieding channel, is the successive-cancellation idea of [62]
references therein). Multiuser information-theoretic aspects@td [333]. This idea is based on the observation that the
DS-SS coded systems has been thoroughly examined [26@jner points (vertices) of the capacity region (a pentagon) are
(see also [308]). Many studies examine exactly the approaéiehieved by a single-user system and successive cancellation
advocated in [179], [134], and [235], where the simple mubf the already reliable decoded data streams. The convex
tiuser decoding is used and a “single-user” channel is creatsinbination of the corner points can be achieved by time-
for the desired user. In [254], for example, the matchegharing points in the capacity region, We shall present this
filter, decorrelator, and minimum mean-square-error (MMSHEyell-known simple procedure for the two-user flat-fading
linear demodulators are considered, and the performanceemgodic model with channel-state information available at the
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receiver. This special case of (3.4.1) reads here as specify the rates

= a171 + aszs + 1 3.417) RYW=E, , log 1+ ma
y=mn 2 o L T & 02+l’2Pav+l’l(Pav_A)
where; = |a1|?,12 = |az|? are the corresponding fading @ i v1(Pay — A)
9 P . R =E,log [1+ ———=
powers, and=* = E(|n|*) is the noise power. Both users are 2

average power constrained I, . The two corner points are o Pyy

Tt n (P — A)>' (3.4.21)

The combined rate of user one}iél) + R](LQ) and the rate of
v P user two isR;. It is easily verified, by pickingA € [0, Py,
Ry =1(y, a1, az; 02|21) = £y, log <1 - ?) that the whole region as in (3.4.20) can be achieved. This is
(3.4.18) done with no interuser synchronism, which is an important
P feature in practical multiple-access channels. In [232] it is
Ry =1(y,a1,az;x1|22) = E,, log <1 + —2> shown that in thei(-user case all but one user have to split
¢ b into virtual double users, thus transforming the problem to
_ . _ . V2 a (2K — 1)-user multiple-access channel, for which any rate
Rz =1(y, a1, az502) = By log <1 + 1/1P+o-2>' in(the reg)ion of the originalK-user problem (3.4.21) is a
(3.4.19) vertex point in the2K — 1 capacity region, giving rise to

h S hi successive cancellation. This important idea extends directly
The corner points in (3.4.18) or (3.4.19) are achieved by gighersive channels with frequency-selective fading with

single-user approach where the first user (1 or 2 for (3.4.18) Rt tect CS| at the receiver [230]. In fact, this idea motivates
(3.4.19), respectively) is decoded, interpreting the second Ugfiferent power-control strategies in a multicell scenario [231],
as Gaussian noise. Both users employ Gaussian codebon@}, [323] as will be discussed in reference to cellular
mandatory to achieve the pentagon capacity region [62]. Afte@émmunications models. The rate-splitting idea is extended
the first user has been reliably decoded, it is remodulated gAd115] to the general discrete memoryless channel, where
fully canceled; then the second user, impaired only by the this case the two virtual users are combined via some
AWGN, is decoded. By time sharing between the two corngeneral function to yield the channel input signal of each
points (3.4.18) and (3.4.19), all the rate points on the capac#ytual user. This idea impacts also the Gaussian channel with
region pentagon are achievable or without fading, and in fact gives rise to an interesting
leav> general intrauser time-sharing technique [116], [229] achieving

Ry =E, ,,log <1 +

) P
Ry =1(y,a1,a2;21) = Ey, 1, log <1 + m)

again the asynchronous capacity region with no need for any
interuser time synchronization. This interesting idea of [116] is
. v2Pay demonstrated for our simple two-user AWGN fading channel.
Ry <E, log ([1+ —— . - ) S X
a? Again, the first user is split into two data streams which now
P, access the channiey time sharingand not in full synchronism
Ry + Ry < Ey, ,, log <1 + (11 +12) ) (3.4.20) as in the standard successive cancellation procedure [62]. The

d9 ;
) . . . .. corresponding rates are
Time sharing requires mutual time-frame synchronization,

Ry <E,, log <1 +

o2

which imposes undesirable restrictions on the system which Rgl) =£E, ., log <1 + %)

are often physically impossible to meet, as in the case of the 0" + V2 Py

spatially spread Comml_m_icat?on system. R§2) =E,, log <1 + "’ll}v> (3.4.22)
The elegant rate-splitting idea of [232] demonstrates that o

any point on the asynchronous capacity region (that is, tlich access the channel via time sharing at rate$ of\
rate region, excluding the convex-hull operation [62]) withouind ), respectively. The coded symbols corresponding$d

the need of time sharing and hence not requiring synchronigiig r(?) are ideally interleaved according to their respective

among users. The idea of [232] works as is for the fadingttivity rate fractionsl — A and A, respectively. The second
channel with ideal CSI available to the receiver [230], [231];ser signals at the rate

This is demonstrated in the following for the simple case

12 Poy
of the two-user fading-channel model given in (3.4.17), with Ry =\E,, ., log <1 + ﬁ)
known CSI at the receiver. The first user splits into two virtual 1hav
users with corresponding power and P, — A, operating at + (1= NE,, log <1 + @) (3.4.23)
ratesR](Ll) ande) correspondingly. The second user operates g

regularly (no rate splitting) with poweP,, at rate R,. The The first user operates at the rate

successive cancellation mechanism first decodes theifate Ry =(1-N)RY 4 AR?

of user 1, thenR, of user 2 following perfect cancellation of 1 Pay

the interference of poweh. Finally, rateRiQ) of user 1 gets =(1—=A)Ey, ., log <1 + m)
decoded after an ideal cancellation of the interference of power p av

A and P,, corresponding to the rate stread®” and R; of + AE,, log <1 + Vlo_;w). (3.4.24)

users one and two, respectively. The corresponding equations
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The decoding is accomplished by first decoding the 1%1@8 detector, while successive interference cancellation is used for
of user one during\ of the time where user two with its intershell interference reduction. While optimality is achieved
power F,, acts as an interferer. Then user two is decodddr A/ — oo, performance close to optimal was demonstrated
and that is possible by noticing that this user operates fat finite M. This channel-accessing procedure is designed
two noise levels (interpreted as channel states). A fraction fet cases where no interuser synchronization is present and
1 — X is the only noise of the AWGN of powes* (since no user ranking can be implemented. This precludes standard
the interference of powe,, which corresponds toR{"” successive cancellation methods, as in [232], or time-sharing
is absolutely canceled) and a fraction afat noise level alternatives [116], [229]. These methods can be straightfor-
0% + Py (as then user two is the first one to be decodeglardly used in a fading regime, although this was not directly
experiencing the full interference of user one operating gfdressed in [53]. In [127], it has been shown that the optimal
rate R{*)). No synchronism between users is needed, as ugever control which achieves the delay-limited capacity
two operates in a two-state noise channel where its staiggion (with CSI available to transmitter and receiver) implies
are available to the receiveonly, and the ergodic conditions 5 syccessive interference cancellation configuration, which is
are in principle satisfied by th62 ideal interleaving employed consequence of the underlying polymatroidal structure of
for user one. Finally, the rat&{” of user one is decoded, the delay-limited capacity region. Successive cancellation is
where the interference of the already reliably decoded Usgfevant to minimal-power regions which corresponds to given
two is ideally canceled. This elegant idea facilitates achievifgies |n [128] such a power region is examined, where the

tf;}e full capacityekre_zgi(;]n @n (3'4&0)' by chaggihng theh timer'ates are based on the delay-limited capacity notion, which are
sharing paramete in the interval € [0, 1], and that without maintained at any fading realization, under a given average

any common Interuser time sh_anng. This c_ontrasts with t wer constraint. It is shown that the optimal power strategy
original Cover-Wyner successive cancellation (see (3.4.18 : . o ! .
Wwith a minmax power allocation criterion manifests itself so

and (3.4.19)), which requires interuser frame synchronizatign . . O
to achieve the full capacity region (3.4.20). This appealin at the rates are amenable to successive decoding. A similar
ult is reported in [197], where the minimum transmit

method, which in fact can be viewed as a special case of . ) .
general function needed in [115], is extended in [229] to tH&'€rgy for a given rate vector with different and constant

K-user case, allowing for a generalized time-sharing model@fiénuation is considered. While for a single receiver the best
by a random switch, the position of which is revealed to tH¥ergy assignment gives rise to successive decoding, this is no
receiver. It is shown that also in the general case each !@pger true in case of receiving diversity. In [284], successive
the K — 1 users should be split to no more than two virtug#ancellation is considered as a practical useful approach to
time-shared users, while one of tt# users does not have toattain the optimal performance as predicted by information
be split at all. The framework of [229] is straightforwardlytheory in the case of spatial diversity. In [195], CDMA
applicable to the fading MAC. Another generalization, whergersus orthogonal channel accessing is examined in a slow-
only 3 Mlog, M + M single-user codes suffice to achievdading environment. Successive cancellation is considered
any point of the AWGNAM -user capacity region is reportedfor asymptotically many users. The transmitted powers are
in [334]. This is in contrast with thel/? codes needed in selected so as to yield the right distribution for successive
the direct Wyner—Cover approach [333], and the idea extengincellation of received power accounting for the statistics
straightforwardly to the fading channel with CSI available &t the fading gain factors. Successive cancellation interpreted
the receiver. in terms of decision feedback in case of a vector correlated

Successive cancellation plays a major role in network infogyyjtiple channel is discussed in [297], where standard known
mation theory from both theoretical and practical viewpointgrocedures of linear estimation are used to evaluate the sum
So far we have addressed some works [62], [315], [11@hte constraining average mutual information expressions.
[229], [297], [197], [232], [230], [231], [115], [333], [334] Though [297] evaluates the results for Gaussian additive
which demonstrate the theoretical optimality of this methogbise only, the results extend directly to the fading regime
in a rather general multiple-access framework, which alsgith CS| available to the receiver only or to both transmitter
accounts for flat as well as dispersive fading channels [23@hd receiver. Successive cancellation with reference to cellular
[231]. The practical appeal of these methods stems from thaibdels is discussed in [45], [231], and [323] to be referred
“single-user”-based rationale, and they provide an altern@g in the following. Some practical implication of successive
tive to classical orthogonal channel-access techniques siglerference cancellation as the effect of imperfect cancellation
as TDMA, FDMA, and orthogonal CDMA. As discussedand residual noise is addressed in [98], [306], [185], [188],
before, in a fading environment the orthogonal accessi[@l5], and [54]. The effect of successive cancellation on
technique may exhibit performance inferior to fully widebandther information-theoretic measures, such as the cutoff rate
nonorthogonal (general CDMA) accessing techniques [97].is discussed in [68], where this measure does not seem

Successive cancellation plays a fundamental role in matty be a natural information-theoretic criterion to consider
other information-theoretic models, as in theout-of-X in combination with successive cancellation. Successive
model introduced previously. For example, [53] discusses haancellation is an integral part of the information-theoretic
the L-out-of-K capacity region can be achieved by successiveasoning associated with a broadcast-channel model [62].
cancellation (stripping) using/ shells of rates. Each of th& This remains valid also for faded broadcast channels [106],
possible users is divided intd/ data streams, transmitted inas well as in certain interference channels to be addressed
different shells, where each shell is detected with a single-userthe following.
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We have here succinctly scanned a minute fraction offormation-theoretic inequalities. Also in the multiple-user
the available material about the information-theoretical asse some appealing practical approaches are based on first
well as practical implications of successive cancellation @stimating the CSI either by using training sequences or in
network communication systems. Generalizations to casesaoblind procedure. Then these estimates are used for the
frequency-selective channels and nonideal cancellation can@fel parameters. Universal as well as fixed-decoding-metric
found in the cited references and references therein. receivers are of interest. For the multiple-access case, the

In parallel to the single-user case, also in the multiplditerature on these issues is scarce (see [164, and references
user network environment information theory provides strongithin]). Interesting results for the multiple-user achievable
clues to the preferred signaling/accessing techniques. We heate region with a given decoding metric are given in [162].
already discussed much of the material related to channki-fact, as to demonstrate the richness of the multiple-access
accessing methods. As for information-theoretic-inspired sighannel model, the results in [162] extend in some cases
naling, much of the material referred to in the single-user seitte lower bounds on the mismatched-metric achievable rates
tion extends to the multiple-user case, and that refers to maf-the single-user case, by treating it as a multiple-access
ticarrier modulation, interleaving, Gaussian-like interferencehannel. The techniques are directly applicable to operation
spectrally efficient modulation, and the like. In fact, the singlén a fading environment. This is demonstrated in [161], where
user approaches, which are associated with either orthogoti@ multiple-access fading channel with CSI available to the
techniques of coded DS-SS or successive cancellation, pageeiver is considered. It is shown that the fading AWGN,
the way to adopt the results discussed so far in reference to MM8C capacity region is in fact achieved with a random
single-user case. This is the reason why here we shall restf@ussian codebook, for a general class of additive ergodic and
ourselves to mentioning only those results which do not folloimdependent noises. Indeed, this nice result finds application in
directly from single-user information-theoretic results. Clearlghe realm of multicell communication [255], where other cell
the multiple-user case dictates some profound dissimilaritigsers are modeled as not necessarily Gaussian independent
and new features stemming directly from the existence béises.
several noncooperative users giving another dimension to théextending the results of the single-user case discussed
information-theoretic problem. This feature is demonstratepireviously, the results of [186] are evaluated also for the
for example, when classical orthogonal methods (e.g. OFDRultiuser case while maintaining their basic flavor. In [165],
orthogonal CDMA) are used. This signaling can either bfe multiple-access fading model of (3.4.1) is investigated:
associated with a single user, or with different users. This vie@aussian codebooks are used and the receiver substitutes
is even more pronounced for the rate-splitting technique [318fstimates of the CSi;;, for the actual unavailabley, where it
[232], where a given user disguises into multiple users. Thgassumed thal(a;|an) = an foralll =1,2,---, K and an
aggregate rate is invariant, whether groups of multiple uséngegerk. Under full joint ergodicity assumptions ¢t , ag. },
are in fact interpreted as a single user, or indeed they mo@ed {n.}, it is shown in [165] that the standard Gaussian
absolutely different users. Stripping techniques infheut-of- fading-channel capacity region upper-bounds the achievable
K model, as in [53], where a user information to be transmittedismatched capacity region. Hergi;,} are interpreted as
is split among)-shells, thus mimicking\/ users with power the fading parameters, and the equivalent additive noise is, as
disparities, also demonstrates this argument. Another examiple(3.3.55),
is the implication of interleaving, which more or less follows

the discussion of the single-user case, yet with multiple K
users, interleaving may prove essential to achieve optimal ZEaj|aj|aj —&j|2Pav+02.
performance with a given multiple-access strategy. This is J=1

demonstrated in the generalized per-user time sharing, which
demands no interuser synchronization [116], [229], whefhis bound is tight in the case of perfect phase estimation,
interleaving (or interlacing) is essential to attain the optimunwhich is equivalent to the assumption théd;,a;} are
Another example, where there is interplay between standarohnegative. The case whetg, = FE(ay) is considered
DFE procedures and the multiple-user regime, is the model [186], which shows that the above discussed Gaussian
of [297], where again it suits the standard vector single-usiiding capacity region lower-bounds the achievable rate region
Gaussian channel [296], [131] with i.i.d. inputs of the multiplewith optimal decoding. This is problematic, as the receiver
user regime [297]. In all those examples, which were originallyas usually no idea about the joint statistics {@f, G }
developed for Gaussian nonfading channels, the fading effeeieded to construct the optimal decoding metric. This result is
can be straightforwardly introduced and accounted for. inherently implied by [165] examining specific, clearly subop-
Unavailable channel-state informationn parallel to the timal, Euclidean-distance (nearest neighbor) based detectors.
single-user case, the model where CSI is unavailable is Tifie results of [165] are applicable also to various models
great practical interest. Indeed, we have demonstrated #feCDMA, when successive cancellation is advocated using
surprising result that for fast-varying (changing from symbastimated fading CSI (assumed to be independent of channel
to symbol) fading, TDMA is optimal [259]. In practical observations, or under some further restrictive assumptions
models, the variability of the fading is much slower andausally dependent on those observations) see [98].
the assumptionB,7 — 0 is, usually, well approximated. Many more relevant results not explicitly elaborated on here
Estimates of the degradation are given in [185] via standacen be found in our reference list and in the references therein.
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1 Pavl(bQ,CQ)
Ri<E=log (1
LS fplos < T 07 ¥ Poa (&, (P>

Pav?(CQa b2)
0?2 + Po1 (02, c2)1(c2 > b2)

U

1 (3.4.29)
E[Pav1 (b2,6?)+ Paya (2 2)]<Pay | B2 < E§ log <1 + 3
C

Diversity: Diversity plays a key role in the multiple-userto fading. We shall describe some of the results and techniques
case, as it does for the single-user scenario. While receilsr considering a simple two-user case under flat fading.
diversity is straightforwardly accounted for within the standard  Fading broadcast channelsThe model considered is de-
multiple-access information-theoretic framework (see [255cribed by
[129], and references therein), recent interest was directed o o

. . . . . . Y1i =4 + bznlz
to the combined transmit/receive diversity in the presence of
fading. This problem has been undertaken in [284], which Y2i =diz + cingi (3.4.28)
extends the results of [283] to the multiple-access case. Thbere{a,, b;, c;, d; } are jointly ergodic processes, angd,, nz;

model here is described by are independent Gaussian samples with respective variances
. o?,03. The transmitted signal is denoted byFor the sake of
y= Z A]ng +n (3.4.25) simplicity, we consider here the single-dimensional case where

x andn are real-valued, and the fading variables, b;, ¢;, d; }
are nonnegative. We shall assume, with no loss of generality

where A; is an M;; x M, complex Gaussian matrix andl \yhen CSI is available at the receivers, taat= d; = 1 and

is an M,-dimensional vector modeling AWGN noise. The,2 _ o2 = o2, where the general case is absorbed into the
M, ,-dimensional yectogj designates the transmitted signakiatistics of{b;, ¢;}. The rate region with CS{¥;,¢;} given

of the jth user, which uses/,, antennas, and emp!oys POWEkg the transmitter and receiver receiver is given by (3.4.29) at
Elz;|* = P.y;. The vectory designates the received signajhe top of this page, whet ) denotes the indicator function.
at the M, receiving antennas. The matrig; stands then for The case of CSI available to both receiver and transmitter is
the random independent fading process which accounts for {h€;sted in [106], [107], [108], and theR,,; and P> may
instantar_leous attenuation from thk transmit antenna to thedepend on the CSlb(and ¢ here) as indicated explicitly in
jth received antenna. (3.4.29). The region given by the union in (3.4.29) is then

The capacity region with perfect CSI available to thg\ayimized over all assignments &1, Pays Satisfying
receiver is given by

E[Pa1(1?, %) + Paya(c?, %)) < Py (3.4.30)
' ] Pavi o1 4 In [106] and [108], the rate region of time (TDMA) and
;CRJ < By logdet |1+ %:C M, Aj 4 (3.4.26) frequency (FDMA) division techniques for the fading broad-
J J 7

cast channel was examined and compared to the optimal
for all £ c {1,2,---,K}. In the above,E is the average code-division (CDMA) approach. Note, however, that taking
operator andk designates a subset of th§ users. It is Payi(b?,¢?) = Payi(b?), Paya(c?, V%)) = Paya(¢®), as in
demonstrated that, for a fixed?,, with increased number [106] and [108], is a suboptimal selection. In fact, the optimal-
of the transmit antennad/,, — oo, the fading is absolutely ity of time division for the broadband broadcast channel stems
mitigated yielding the unfaded AWGN MAC capacity regiondirectly by [163]. The rate region of the broadcast channel
with CSI available to the receiver only is more intricate,
as the whole setting does not, in general, form a degraded
broadcast channel [62]. This problem is under current research;
interesting results on inner and outer regions have already been
The profound effect of the diversity is demonstrated herterived.

by the M, factor in the above equation. For the symmetric The parallel broadcast channels first addressed in [218]
case of equal powetP,,; = P,y) equal transmit antennascan be used to model the presence of memory (intersymbol
(M;, = M), and equal rate, the achievable sum-rate is givénterference); optimal power allocation, under average power
by C in (3.3.58), where nown, = min(M,, KM,;) and constraint is addressed in [289] and [110]. For classical result
n, = max (M,, KM;). The asymptotic case when bofif; on the capacity of spectrally shaped broadcast channels see
and M,. grow to infinity while M,. /M, is kept constant is also [192], [100], and references therein. The broadcast channel
evaluated in [284]. The result specializes to (3.3.59) for the used to model downlinks in cellular communication (see
case of an equal number of transmit and receive antennas, [255], [108], and [158]), and this will further be addressed in
M./M; = 1. the following.

6) Broadcast and Interferencelnteresting models which The fading-interference channelfhe interference chan-
are most relevant to cellular communications and commumiel [62], [191] is a very important model which accounts for
cations networks are the broadcast and interference chantieéscase where the transmitted signalgofisers in a network
(see [62], [61], [191], and references therein). Of particulamterfere before being decoded at their respective destinations.
relevance are the broadcast and interference channels subjeEssth decoder here is interested just in its respective user (or, in

YR < Mlog |1+ > Paj | (3.4.27)

JjeK JjeK
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general, a group of users), while the other users, the codebookd CSI is available to receivers and transmitters, the users
of whom are available to all decoders, act as interferers. \Wey vary their power$’,,1 and P, as functions of the fading
examine here a flat-fading case of a simple symmetric versioariables, subjected to an overall average-power constraint.
of the single-dimensional two-user interference channel wiltiote that, for CSI available to the receiver only, receivers
fading. Let the two received signals be respectively given byne and two need only the realizations of the fading variables
affecting them. If CSl is available to the transmitters as well,
each transmitter may benefit from the knowledge of both
(3.4.31) fading coefficients: in fact, in this way, the two transmitters
where {a;,b;,¢;,d;} denote nonnegative i.i.d. fading pro-which know the fading coefficients can, in a sense, coordinate
cesses, and > 0 is the interference coefficient. The additivetheir powers. Both receivers have now also access to the
Gaussian noise samples are modelednly and no; having fading power realization and hence are synchronized with
a given varianceE(n3;) = E(n3;) = o2. Userj = 1,2, the transmit-power variations. This procedure describes a
transmitting its own independent message via the codew@ehtralized power control, while in the decentralized power
{z;:}, is to be decoded separately by observ{ng;} only.  control transmitters and receivers associated with a given user
The capacity region for the interference channel is unknoveequire access only to the fading power realization that affects
in general even when no fading is present, thatijs= b; = the respective user.
¢; = d; = 1 (see [191] for a tutorial review). The case of strong In the following these interesting broadcast and interference
interferencex > 1 is solved in the unfaded case [240], [59]channels models will be mentioned in reference to cellular
and the rationale behind the solution [240] extends directly tsmmunications (see [255], [108], and [158]).
the case where relevant CSl is available to the receiver only.7) Cellular Fading Models: The rapidly emerging cellular
Here receiver one, who procesdeg; }, is aware of{a; }, {b;} communications spurred much theoretical research into fading
while the fading signals{c;} and {d;} are provided to the channels, as the time-varying fading response is the basic
second receiver, who operates on the received saniples.  ingredient in different models of these systems [113], [44],
Here for o> 1, the solution follows the same arguments a®255]. Numerous information-theoretic studies of single-cell
in the nonfaded case [240], that is: If user one (two) can Ipgodels emerged in recent years in an effort to identify, via a
reliably decoded by receiver one (two), then it can also mple tractable model, the basic dominating parameters and
reliably decoded by receiver two (one), which enjoys moreapture their effect on the ultimate achievable performance.
favorable conditions(e« > 1) as far as user one (two) is Many of these models (see relevant references in [255])
concerned. In terms of average mutual information relatiomse, in fact, standard multiple-access models, which are also

Y1i = aiT1i + abizo; + 1y

Yoi = ;i T1; + diTo; + noy

for @« > 1, we have, as in [240] referred to as single-cell models. Quite often, the multi-
I(y1; 21| m2) < I(y1; 2|71) cell models are also describeq in a single-cell framg\{vork

and wh_ere other ceII.users. are S|mply modeled_ as agidmonal
noise to be combined with the ambient Gaussian noise [255,
I(yo; w2|w1) > I(y2; 21|22). and references therein]. For these purposes, the information-
The corresponding rate region is then given by theoretic treatment of the models discussed so far suffices

1 11 Por (see, for example, [97]). We shall put emphasis here on those
Ry SEVI§ log <1 t— 2 ) information-theoretic treatments which address specifically the
multicell structure in an intrinsic manner, and which inherently
VQPSV?) address the fading phenomenon. In particular, we elaborate
4 ) on what is known as Wyner’'s [332] cellular model, where
E, 1 log {1+ M Lav1 + ”2Pav2> fading is also introduced [255], [268]. Some implications of
2 o? the broadcast, interference, atdout-of-i{ channel models,
E 1 log <1 + vio? Payt + 12Pav as well as successive cancellation, are also briefly addressed.
2 o? References will be pointed out for many other information-
(3.4.32) theoretic studies of a variety of cellular communications
where P,,1 and P, are, respectively, the average powers dhodels subjected to certain assumptions.
users one and two. The random variables= a? (or d?) Wyner’s cellular model with fadingin [331] Wyner in-
andv, = b? (or ¢®) stand for the i.i.d. fading powers. Introduced a single linear and planar multicell (receiver) config-
the nonfaded, symmetric cag®,,1 = Pa.v> = P.,, Where uration to model the uplink in cellular communication. This
v = 11 = s = 1, the rectangle uninterfered region (3.4.32nodel captures the intercell interference by assuming that each
dominates fora?>1 + (P,,/0?) [59]. In the faded case, cell is subjected to interference from its adjacent cells. In
however, the threshold value ef?> depends on the fading [331] no fading was considered, and the ultimate possible

1
R- SE,,2§ log <1 +

R{ 4+ Ry < min

statistics and is given by solving fer? the following: performance in terms of the symmetric achievable rate was
2 assessed. A fully symmetric power-controlled system with a

(11 + a®12) Pyy i ) . .
E, ,,log | 1+ e fixed number of users per cell and an optimal multicell receiver

that optimally processes all received signals from all cells was
> 28, log <1 + @) (3.4.33) assumed. Similar models were addressed in [129], [130], and
o [125]. Fading was introduced into Wyner's model by [255]
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and [268] where its simple linear real version reads reduces to Wyner’$ case
1
1 KP,
K K K -1 av 2
m o e mm m Cla)=K / = log {1+ (1420 cos (276)) }d@.
k=1 k=1 k=1 (3.4.36)

(3.4.34)
The surprising results of [268] demonstrate that for

KP,,/o?>0 dB and a certain range of relatively high
intercell interference, the fadingmproveson performance

as compared to the unfaded case [331]. These interesting
results, demonstrating the efficiency of the time-variable
independentnature in which a certain user is received in
its own and adjacent cell sites, are attributed to the fact that
the diversity provided by the multiple cell-sites receivers

fading processes to which the users at gelbm— 1, andm-+1 changes the interplay between the deleterious mutual interuser

are subjected. We assume that fading processes for diﬁer%?r:]erencel on one hand,_and the ShNR eﬂhan(:Tehmem pr0\|/|ded
users are independent, while for a given user the fadings Qlye t '€ mu tisensor receiver on the other. s mterp ay
ergodic processes of time (indey. In the model,a > 0 acts in such a way that independently fluctuating receiving

stands for the intercell interference attenuation factor, whdfY€!S (in @ way which is revealed to the receiver, while
for @ = 0 the model reduces to the single-cell scenario witi2intaining the average power) help, rather than degrade, the

no intercell interference. Wyner’'s unfaded model [331] resul&erformance. Th's IS (_)bser_v ed despite the mentioned fact_ that
as a special case whei, = b7, = ¢ = 1. It is assumed intracell TDMA is optimal in the unfaded case [331], while
o — Vi = Oy = '

unless otherwise stated, th&t users, subjected to an averagét is suboptimal vyheq fadi.ng Is -present [268]. Note that_ the
equal power constrainf,,, are active per each cell. Theadvantage of fading in this setting [268] does not require a

system is fully symbol- and frame-synchronized, giving riseﬂ rge number of user§k > 1). The wide band (WB), that is

the discrete-time model in (3.4.34). Following Wyner, in orde DMA intracell accessing, is also considered, demonstrating

to assess the ultimate possible performance a “hyper—receiv@l‘,j’vtawgge over _the Tl?]l_\/IA mttrr?cellltgcctessmg. It \t/v_a S prove_?
having a delayless ideal access to the received signals at all accessing achiéves the ultimaté symmetric capacity

sites{y/"}, j,m integers, is assumed. In [268] this system i .e., it maximizes the sum-rate) of the faded Wyner model

analyzed in terms of bounds on achievable equal rates. Firs,2 8]. Bounds on the achievable rates were found. The

TDMA intracell accessing technique is assumed where eachggfymptotlcally tight (with the number of useds) upper
the K users in each cell accesses the channel in its respec

wherey;" stands for the received signal at cell siteat time
instant; and, all signals are assumed to be real-vafdekchis
signal is composed oK users of that cel{m) and2K users
of the two adjacent cellgn — 1), (m+1). Hereay; stands for
the coded signal of theth user belonging to ceth at discrete
time j. The Gaussian noise samples are designated'byrhe
random variableqa;, b7, i } model the independent flat-

slot and uses it when actively transmitting pow€r,,. No 1 1 KP,,

intercell cooperation or coordination other than synchronisﬁanB(a),f;;lK /0 5 log [1+ o2

is assumed. While in the unfaded scenario [331] this accessing A{B(a—E(a))}(202+1)

is optimal (not unique, however), this is no more the case in

the fading regime [268]. + E?(a) (14-2cccos 270)*} | d6
Under some mild conditions on the fading moments, the

achievable rate is expressed by [268] (3.4.37)

depends only on the variandér (a) = E(a — E(a))? and
u) APy (1) the meanE(a) of the fading process. It is demonstrated
that Cwnr(«) upperbounds the Wyner unfaded expression
(3.4.35) (E(a?) = 1,Var(a) = 0) for any value ofa and B, /o2,
thus demonstrating the surprisingly beneficial effect of the
where?P., (u) stands for the limit distribution of the unorderedading in this cellular model. This advantage is maintained
eigenvalue of the quadratic form @¥G*. The tridiagonal also nonasymptotically [268], but now the advantage is not
infinite-dimensional random matri¢¢ has random entries  necessarily uniform ovef,, /o2 and «. It should be em-
phasized that the independence of the three fading processes
G={gm} Gnn=10n Gnn-1=0b, Gnni1 =QC, associated with each user (that is, the fluctuating power which
is received in the user’s own cell and the two adjacent cells) is
where{a,,,b,, c, } are i.i.d. fading coefficients. Unfortunately,crucial for the advantage that fading can provide. This occurs
the exact expression f@., (u) is still unknown. In [268], two because otherwise the transmitters could themselves mimic the
sets of bounds were introduced, viz., the entropy-based dhiftuating-fading effect (in synchronism with the receivers),
moment bounds. For the special case of no fading, the resuithout altering the average transmitted power, and gain on

1 KP,
Crpmale) = K*I/ ~log <1 + =
o 2 o

151n [331], result (3.4.36) was found by interpreting different cell sites

14The results hold verbatim with obvious scaling of power and rate fardered by(+n) as different time epochs which make this model with intracell

the complex circularly symmetric case, where full-phase synchronism in ti®MA equivalent to standard discrete-time ISI channels for which capacity
system is assumed. and mutual information calculation is classical.
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performance over (3.4.36) in the unfaded case. By the resulisugh the range of parameters (as the intercell interference
of Wyner [331], this is clearly impossible. factor , and the total signal-to-noise ratid( P,, /o)) for

The results in [331] and [268] extend to the planar comwhich the relevant CDMA-versus-TDMA intracell accessing
figuration. The models, methodology, and techniques appbchniques and fractional intercell time sharing are relatively
directly to cases where the intercell interference emerges mdfective, changes. It is shown that for no ICTS and for
only from the adjacent cells but also from cells located furthéf > 1, « SNRr — oo in TCSP, the intracell TDMA access
away. This interference is then weighted by a nonincreasirggbetter than CDMA while the opposite is true for full ICTS
positive sequence;, wherec; is proportional to the relative giving rise to no intercell interference. The implications of
attenuation factor of cells at level from the interfered cell. space diversity with the two receiving antennas at the cell
We have demonstrated here the techniquexfpe 1,y = o,  site, experiencing independent fading, are also considered. The
anda; = 0,7 >1. intra- and intercell accessing protocols are characterized in

The Wyner fading model is also the focus of the wide-scoggerms of two auxiliary random variables which emerge in a
study reported in [255]. This study focuses on a practicgeneral expression for an achievable rate region. The main
method of a single cell-site receiver, where th& users results in [255], though evaluated under the flat-fading as-
assigned to a certain celt (say) are decoded based only osumption, were shown to hold for the more realistic multipath
the received signal at this cell sifg/’*}. The adjacent-cells fading propagation model, with CSI available at the receiver.
interfering users are interpreted as Gaussian noises (a wordy relaxing the assumption of a fixed number of active
case assumption, which is motivated also by the mismatcheskrs per cell, it has been demonstrated, using interesting
nearest neighbor-based detection of [161]). It is assumed thahvexity properties, that under certain conditions random
each cell-site receiver is aware of the fading realizations of iisers’ activity is advantageous, in terms of throughput, over
own assigned users, and thus the instantaneous signal-to-naidexed number of active users. Specific results were dis-
ratio is known at the receiving cell site. The transmitters do notissed for a Poisson-distributed users’ activity. In the random-
have access to any CSI. The study [255] provides a genesatess model considered in [255], the random number of
formulation for the achievable rate region (inner-bound) afsers affects the interference, while in the discussion in
which all other discussed intracell channel accessing methdde previous section, similar conclusions given in terms of
as TDMA and CDMA (WB) are special cases. The notion aichievable rate per user are demonstrated for a fading single
intercell time sharing (ICTS), which is equivalent in a senseell (no interference) scenario with a random number of
to classical frequency reuse [273], rises as an inherent featsimaultaneously active users. This random user activity per
of the information characterization of the inner achievable ratell models more closely real cellular communications. The
region. The ICTS controls the amount of intercell interferendaformation-theoretic features of orthogonal CDMA in an
from full interference (no ICTS) to no interference (full ICTSjsolated cell and fading environment were addressed. In this
where the even- and odd-number cells signal in nonoverlappegdime, the way orthogonality between users is achieved (i.e.,
times). In the unfaded case, any orthogonal intercell chanmethogonal TDMA, orthogonal frequency-shift multiple-access
accessing technique is optimal (albeit not unique), whiEDMA or OCDMA) plays a fundamental role contrary to the
the picture changes considerably when fading is preseanhfaded case where all orthogonal channel access techniques
With fading and nondominant intercell interference (smgll are equivalent to the optimal scheme under an average power
CDMA is advantageous; a conclusion consistent with thmnstraint. The somewhat surprising, already mentioned, result
single-cell result [97]. This is since CDMA enjoys an inhererfor orthogonal DS-SS CDM#Anot being uniformly superior
fading-averaging effect, where the averaging takes place owerorthogonal TDMA in terms of achievable throughput, has
the different users. For an intercell interference factor abobeen demonstrated, and was attributed to the orthogonality
a given calculated threshold, TDMA intracell accessing tecHestruction mechanism due to the fading process which may
nigue is superior. (Under no fading, both approaches, CDMdffect OCDMA but not orthogonal TDMA. See [86] for a
and TDMA, are equivalent.) For the model examined, intercalifferent model where the equivalence of orthogonal accessing
sharing protocols (as fractional intercell time sharing (ICTS)gchniques (TDMA, FDMA, and CDMA) is maintained also
are desirable in cases of significant intercell interference, aimdthe fading regime.
those when optimized restore to a large extent the superiorityAlthough [255] focuses mainly on TDMA and CDMA, in
of the CDMA intracell approach in fading conditions, also fomost cases equivalent results to TDMA can be formulated for
the case of strong, intercell interference. FDMA using the well-known time-frequency duality.

Extension to detection based on processing the receivedn this work we have restricted our attention to the uplink
signal from two adjacent cell sites (two cell-site processinghannel. Yet, some conclusions can be drawn regarding the
or TCSP) is also considered. It is assumed that the receiveownlink channel as well [108], [158]. The results of [255]
processing both{y7*} and {y}"“}, is equipped with the for a TDMA intracell accessing, yielding a single active
codebooks as well as precise values of the instantanetnamsmission per cell, are relevant here. This is because all
signal-to-noise ratios of all users in both cefl:,m + 1). users are equivalent with respect to the downlink transmitter
This model serves as a compromise between the advantagd, thus, if provided with the proper codebooks, each user can
of incorporating additional information from other cell sitesn principle access all the available information. The optimal
on one hand, and the associated excess processing complaxity per user is then given by the rate calculated in association
on the other. The basic conclusions extend also to this caséth TDMA, where the total signal-to-noise-ratio is replaced
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by the normalized signal-to-noise ratio used by the downlinkpon. Those in the vicinity of the cell boundary are decoded
transmitter (see [108] for analysis of an isolated broadcdast, and therefore suffer from minimal interference from other
fading channel). users of the same cell site, the interference of which has
In [255], it was concluded that, with TCSP and a largalready been canceled. This minimal interference permits their
number of users per cell, fading may actually be beneficiagception with weak power, which implies that the interference
which resembles the results of [268], where the ultimatbey inflict on other adjacent cells is small. The associated
receiver bases its decisions on the information received in mtrease in capacity is remarkable, and this different power-
possible cell sites. Note, however, that for the TCSP case tentrol procedure undermines the arguments in [306] and [319]
advantage of fading was demonstrated for an asymptoticathgiming limited incentive of employing optimal multiuser
large number of users per cél >> 1), while in [268], with processing in case where intercell interference is present.
an ultimate multicell processing receiver, the beneficial effeSimilar results can be deduced from [197] by reinterpreting
of fading is experienced also for nonasymptotic valuegof the different attenuations to which different users are subjected
A two-antenna microdiversity system under the assumptiamd accounting also for the multiple-cell interference. The
that the two cell-site receiving antennas experience indepeaference to Wyner's model in [197] is inappropriate, as it
dent fading is also considered in [255]. In (3.4.37), for thdoes not account for the interference from other cell users
sake of simplicity, we have specialized to Wyner's lineawhen also processing the signals of the other cell-site antennas.
model. Results for the more realistic planar model of [33Rather, it is a standard receive diversity setting. The downlink
in the presence of fading are reported in [268] for the ultimatellular fading channel has been naturally modeled within
receiver and in [255] for the single cell-site processor. the broadcast channel framework where a “single user,” the
Other cellular models:Many other models for cellular cell site, transmits to many users (the mobiles). Usually a
communication were studied via information-theoretic toolsjngle-cell scenario is considered, while intercell interference,
and the reference list provided here includes dozens of relevaiten accounted for, is added to the ambient Gaussian noise
entries. See for example [139], [123], [32], [36], [40], [311](see [158], [106], [107], [108], and [255]). In fact, a better
[324], [277], [70], [317], [196], [291], [145], and [169]. Somemodel accounting in a more elementary way for the intercell
of the most interesting results concern thaut-of-K model interference is the broadcast/interference model. That is, since
[53], which captures the fact that although there are matlye cell site (the “single user”) is interested to transmit
potential users per cell, only a relatively small part of them amformation to a set of users assigned to this cell (possibly
actually active. The effect of random accessing has also baéeduding some common control information directed to all
considered to some extent in [255], and here in Subsectiosers). The interference part of the model stems from the
[1I-D.2). Successive cancellation plays a key role not onlgasic cellular structures, where the downlinks from different
in the L-out-of-K models, as well as in other multiple-usercell sites may interfere with each other. Little is known about
settings discussed so far, but this method when combinede regions of this model, even with no fading present. The
with rate splitting constitutes an interesting model for cellulamame goes for the uplink, where the cell-site receiver should
communications [231]. In fact, various studies show that necessarily treat the other cell users as interfering noise,
power control is not necessarily beneficial in a multicepprovided that the receiver is equipped with the codebooks of
system, [231], [45], [323]. By not controlling the power andhe interfering users as well. As is well known [191], neither
properly ordering the users and their respective transmittddcoding of the interfering users is always optimal, but for the
power, while all users are subjected to an average povatrong-interference case, nor treating it as pure ambient noise,
constraint, the intercell interference is dramatically reduceblut for the very-weak-interference case. It is of primary interest
This stems from the fact that in a perfectly power-controllethen to consider the case where the receiver is equipped with
system the major part of the interference is caused by thdke codebooks of the adjacent cell users (a mild and practical
users assigned to other cells, located near the boundariessfumption), though decoding is still based on a single cell-
the interfered cell and therefore transmitting with a relativelsite processing as in [255]. The problem then falls within
strong power. Abandoning the standard power control whettee classification of a multiple-access/interference channel
the received power of all users at the cell site is kept fixedhere the multiple-access part stems from the (intracell)
may improve dramatically [231] the performance predicted hysers to be decoded reliably and the interference part from
information theory. This advantage is achieved without arfie users assigned to other cells, the reliable decoding of
use of the coded signaling structure of the interfering useshich is not required. A comprehensive treatment of this
at the cell site receiver, and treating those interferers just iageresting, albeit not easy, problem may shed light on the
additional noise. Certainly, optimized power control, whicloptimal intra- and intercell accessing protocols with or without
accounts for the intercell interference, will further enhandading. As demonstrated in [255], the interference-limited
performance, and this calls for further theoretical efforts. Ibehavior (typical in cases when interference is interpreted as
[45], the geometric power distribution is used, motivated byoise) is eliminated within this framework. To exemplify the
its optimality under average-power constraints, in the singletimate interplay between the multiple-access and interference
cell delay-limited capacity problem as well as under averadeatures in a multicell model, consider the linear Wyner model,
transmit power constraints [197]. First, the proper orderin®.4.34), witha = 1. For a single cell-site processing due
of the closest user to the cell-site receiver, operating at high the symmetry (in the case = 1) of all 3K users (of
power in the successive cancellation procedure, is decidbé mth cell and the two adjacenh — 1 andm + 1 cells),
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the interference-channel capacity equals the multiple-accésmsmitter(s)/receiver(s). This unifying approach is based on
channel capacity witl3 K users [191], provided all users areéShannon’s framework [261], as elaborated and further de-
active simultaneously in all cells. The achievable equal rateloped in [41] for the single-user case and in [69] for the
under symmetric power conditions is then given by multiple user problem. A complementary unifying view, which

embraces notions as capacity versus outage [210], delay-

1 3KP, 1 3K limited capacity [127], and expected capacity based on a

R= (3K)_1E§10g <1 + -2 3K Z"’i) (3.4.38) proadcast approach [247], hinges on the classical notion of
=1 a compound channel with a prior (when relevant) attached

Full ICTS, where odd and even cells (in the linear WynéP its unknown state. This approach is advocated in many

model [331]), transmit in different time zones gives rise tiEferences, such as [150], [83], [61], and others, where in
the rate R, [83] the compound channels with a prior are called “com-

posite channels.” While coding theorems in this setting for
1 1 oKP. 1 XK the single-user case could be deduced from classical works
R,=—FE-log <1 + 2”E Zl@) (3.4.39) (see [164, and references therein]), the spectral-information
7 i=1 techniques provide strong tools to treat these models [310], and

. that is particularly pronounced for the multiple-user (network
where the equation accounts for the fact that the users oficell \tormation theory) case [124]. In fact, this very approach

transmit 50% of the time, and hence use, while transmittingyes rise to straightforward observations, not emphasized
the power2F,, per user. Itis clear thaft, might surpass previously. For example, this view substantiates directly the
R, as is the case foi > 1 where the fading effect is \jigity of the capacity-versus-outage results (for the single-
absolutely mitigated in bo}tR (3.4.38) and, (3.4.39). In 510] and multiple-user [50] cases), developed originally for
fact, in both case¢l/K)X;=; v — 1 [255]. This example given channel-state information (CSI) to the receiver only,
demonstrates the intimate relation between multiple acCesRyy for the case where CSl is not available (in case of static

interference, and the cellular configuration (linear, with On%ding that is, vanishing Doppler spread normalized to the
adjacent-cell interference, in this case), and emphasizes %srﬁission IéngthdT ~0).

important role played by intercell cooperative protocols such Following [252], we have gained insight, based on elemen-

as an optimized fractional ICTS considered by [255]. Thesgy rejations of average mutual information expressions, into

intercell lcczjoperagve prot;)cols_lgmerge% also in t(ta):ms th',[ e rather important implications on the capacity-achieving
statistical dependence of auxiliary random variables, WNighajing properties in fast-time-varying channels with un-

appear in a general characterization of achievable rate regi%%“ame CSl. This kind of channels gives rise to “peaky”

[255]. signals in time and/or frequency [286], [99]. In fact, interesting
] results on transmit/receive diversity [176], as well as TDMA
E. Concluding Remarks optimality in multiple-access fast-varying channels [259], can

In this section we have tried to provide an overview ofilso be interpreted within this framework, as well as classical,
the information-theoretic approach to communications oveell-known results [314].
fading channels. In our presentation an effort was made toNumerous new results are scattered throughout this section,
describe not only results, but also concepts, insights, aaslexemplified by the optimality of TDMA in the fast dynamic
techniques, with strong emphasis on recent results (somaltiple-access fast-fading channel, when CSI is unavailable,
of which have even not yet been formally published). We result which comes in a sharp contrast with the optimality of
preferred to emphasize nonclassical material, because the |&®BMA (wide band) for the same model but with CSI given to
is by now well-documented in textbooks (see, for exampl#)e receiver [97], and the optimality of a fading controlled
the classical technigues treating wideband fading chann@®MA in case where CSI is available to both transmitter
reported in [153] and [94]). Even then, in view of the vasand receiver [155]. Preliminary treatment of achievable rates
amount of recent studies, only those ideas and results whichafth CSI available to the transmitter only was attempted,
more special and typical to these time-varying channels were an effort to provide some further insight into the role
elaborated to some extent. We have tried to put emphasismayed by the availability of the CSI. Certain new aspects
new information-theoretic notions, such as the delay-limiteaf fading interference channels are also discussed, modifying
capacity, on one hand, and to suggest an underlying unifyitige classical threshold value which defines a very strong
view on the other. Through the whole exposition, efforts weisterference for the Gaussian unfaded interference channel [59]
made to present ideas and results in their simplest form (as, foeyond which the interference effect is absolutely removed).
example, discrete-time flat-fading models). Extensions, wh&meliminary new results on random accessing in the MAC in
present, were only pointed out briefly by directing to relevapresence of fading were also mentioned.
references. Although the flavor of our work is information-theoretic, we

First we have tried to unify the different cases of ergodicave made a special effort to emphasize practical implications
capacity (that is, when classical Shannon type of capaand applications. This is because we believe that the insight
ity definitions provide operative notions, substantiated vigrovided by an information-theoretic approach has a direct and
coding theorems). The different cases account for diffeaimostimmediate impact on practical communications systems
ent degrees of channel-state information (CSI) available itoview of the present and near-future technology. This synergy
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between information-theoretic reasoning and practical comma-encouraged to access many additional documents, which
nications approaches, especially pronounced here for the timan be traced either from the reference list or by accessing
varying fading channels, is the main motivation to combinstandard databases.
in our exposition, the parts on coding and equalization thatindeed, the extension of these studies put in evidence
follow. In view of this, we have devoted significant room tdhe amount of recent interest of the scientific and techni-
discuss issues as information-theoretic-inspired signaling acel community in a deeper understanding of the theoretical
channel accessing, and discussed some of the informationplications of communications over channel models which
theoretic implications of practical approaches which combimeore accurately approximate current and future communi-
channel estimation and detection. See, for example, the disceetion systems. (See, for example, work related to chaotic
sion on the effect on nonideal (estimated) channel parametelgnamical systems [330], [332].) These models cover a whole
and on robust detectors, as the one based on nearest neigbpectrum of classical media (as HF channels and meteor burst
decoding [161], [165]. As for channel accessing, an interestiepannels, used for many decades), and more recent channels
example to the practical implications of information-theoretiand applications (as microwave wideband channels, wireless
arguments, happens in Wyner's model [331] in which fadingultimedia and ATM networks, cellular-based communica-
is introduced [255]. In this model, with a single cell-sitaion networks, underwater channels: see [220, and references
processing (of the uplink cellular channel) the intercell shatherein]). Unfortunately, some misconceptions based on inac-
ing protocols emerge as a natural outcome, under certgurate information-theoretic analysis are scattered within these
conditions of relatively strong intercell interference. Sounefforts. We hope that, by our short remarks or by providing or
theoretical basis for practical approaches such as frequemeferencing correct treatments, we have contributed to dispel
and/or time reuse is thus provided for practical cases, whetesome extent some of those.
only limited information processing is allowed. This scope of studies gives the impression that we present
We wish to mention again that our overall expositiolmere an account on a mature subject. This is certaaly
of the information-theoretic aspects of fading channels igir view. We believe, in fact, that the most interesting and
very limited. Many deserving topics were only mentionegrofound information-theoretic problems in the area of time-
cursorily. Error exponents and cutoff rates are two sualarying fading channels are yet to be addressed. We have
examples; others occur in several applications supportglserved that some of the more interesting models, for, e.g.,
by information-theoretic analyses (for example, a decisiomulticell cellular communications, can be formalized in terms
feedback-based approach [297], multicarrier systems [71], asfdeither the multiple-access/interference channel (uplink) or
the like). Also important, practically appealing methods, suahe broadcast/interference channel (downlink). Much is yet
as coded spread spectrum (DS-CDMA) for example, enjoyingiknown for these models, as is evidenced by the yet open
intensive information-theoretic treatment, that account f@roblems in reference to the general characterization of the
fading aspects as well (see [254, and references therein]) wesgacity regions of broadcast and interference channels, even
at best mentioned very briefly. in the nonfading environment. These research endeavors are
Our channel models and treatments are mainly motivated byt only nice theoretical problems: on the contrary, when
the rapidly emerging cellular/personal/wireless network comdeveloped, the corresponding results will carry a strong impact
munications systems [113], [44], [114]; however, time-varyingn the understanding of efficient channel-accessing techniques.
fading channels play a central part in many other applicationshese implications were demonstrated in a small way via the
Also there, including, for example, satellite communicationsmergence of intercell resource sharing for certain simplistic
[274], [89], underwater channels, which exhibit particularlyellular fading communication models [255]. Fundamental
harsh conditions [290], [263], [136], [178] information- aspects, as an intimate combinination of information and
theoretic analysis is providing insight into the limitations angetwork (including queuing) theories, essential for a deep
potentials of efficient communications. With this in mind, weinderstanding of practical communications systems, is at best
have constructed a rather extensive additional reference ligt,its infancy stages [95], [84], [285], [17], [26]. Decisive
focusing on information-theoretic approaches to time-varyingsults on the joint source-channel coding in time-varying
channels. Some additional relevant references not cited in #iannels are still needed, which would incorporate various
text are [55], [2], [9], [3], [5], [105], [302], [336], [169], decoding constraints (as delay, etc.) motivated by practical
[184], [189], [120], [276], [271], [212], [244], [138], [20], applications [322]. Also, there are common misconceptions
[246], [30], [86], [121], [339], [269], [66], [46], [233], [275], about the validity of the source/channel separation theorem
[245], [264], [18], [213], [224], [3], [7], [8], [102], [272], [1]. [154]. While with no restrictions on the source and channel
By no means is this list complete or even close to compleigsder separation holds for an ergodic source channel problem,
hundreds of directly relevant references were not included, hHfs certainly is not the case where a per-state joint source
rather appear in the reference lists of the papers cited heffd channel coding is attempted, for example, to reduce
Only few of rather important unpublished technical reportgverall delay. Recent general results as in [300, and references
(see for example [239], [227], and [282]) were mentioned, anlerein] are useful in this setting. Models which account more
the overall emphasis was put on recent literature. The readgisely for classical constraints such as the inherent lack
interested in completing the picture of this interesting topigf synchronization, presence of memory, and the associated

186There are inaccurate conclusions in this paper due to an incorrect usérgprmation'theoretilc implicqtions (_see, for example, [135]'
the Jensen inequality. [219], [306], [309]) in the fading regime are yet to be studied.
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Arbitrarily varying channels and compound multiuser channels pacity of block-fading channels with transmitter and

are intimately related to efficient communication over time- receiver diversity [176].
varying channels [164], and, as such, there are many relevang) |dentification and evaluation of appropriate rates and
open problems with direct implications on communications information interrelations among certain information-

in the presence of fading. So is the case with robust and  theoretic characterizations of achievable rates for ran-
mismatched decoders [164]. Within this class of channels, domly activated users operating on a faded MAC.

the issue of randomized versus deterministic coding rises in 310)
natural way, and in the network setting this will bring up also

the important issue of randomized channel accessing, treated CDMA, mixed orthogonal accessing methods for

however from purely information-theoretic viewpoint, and not various fading models, and different information-

just classical network/queuing theory. We have noticed that  haoretic criteria (such as ergodic capacity, capacity
randomized channel accessing is a natural, sometimes advan- ,arsus outage) with or without the presence of
tageous, alternative for decentralized power control problems, interfering users (multiple-cell scenario).

and also that time-varying randomized multiuser coding may

prove advantageous in an asynchronous environment and

under a maximum (rather than average) error-probability cri-
terion [52]. IV. CODING FOR FADING CHANNELS

Information-theoretic implications of a variety of
channel-accessing methods such as TDMA, FDMA,

Throughout our paper we have scattered numerous muchn this section we review a few important issues in coding
less ambitious information-theoretic problems, which intand modulation for the fading channel. Here we focus our
mately address the fading phenomenon, and the solutionadfention to the flat Rayleigh fading channel, and we discuss
which might considerably enhance the insight in this field. how some paradigms commonly accepted for the design of

A few such problems, some of which are currently und@oding and modulation for a Gaussian channel should be
study, are listed as follows. shifted when dealing with a fading channel. The results

presented before in this paper in terms of capacity show the

- . . . importance of coding on this channel, and the relevance of

1) Capacities of the fading channel with CSI availablgyaining channel-state information (CSI) in the demodulation
to the transmitter only in either a causal or noncausglscess. Our goal here is to complement the insight that
manner, for the single- and multiple-user cases.  jhtormation theory provides about the general features of the

2) The information-theoretic implications of optimal feedeapacity-achieving long codes. We describe design rules which

back, under constrained rate of the noiseless feedbagply to relatively short codes, meeting the stringent delay
channel. constraints demanded in many an application, like personal

3) Delayed feedback in the multiple-user environmen@nd multimedia wireless communications.
yvith specific application to the Markov-Rayleigh fad General Considerations

ng: i , ) For fading channels the paradigms developed for the Gauss-

4) Constralned—st.atgs AVC mtgrpretgtlon of results relat%q channel may not be valid anymore, and a fresh look at
to the delay-limited capacity with states known Ofq coding and modulation design philosophies is called for.
not known at the transmitter. Issues of maximumgyecifically, in the past the choices of system designers were
and average-error criteria, as well as randomized agfyen by their knowledge of the behavior of coding and
deterministic codes. modulation (C/M) over the Gaussian channel: that is, they

5) Conditions for positive delay-limited capacity with im-tried to apply to radio channels solutions that were far from
perfect channel-state information available to trangptimum on channels where nonlinearities, Doppler shifts,
mitter, accounting also for diversity effects, as thoskading, shadowing, and interference from other users made
provided by the frequency selectivity of the channel. the channel far from Gaussian.

6) Determination of asymptotic eigenvalue density of Of Ia}te,agreat deal qfvaluablle_scholarly_work.has gone into
quadratic forms of Toeplitz structured (for exampleg/€Versing this perspectwe, aqd it is now being wldely accepted
tridiagonal) matrices. This is directly related to thdn@t C/M solutions for the fading channel may differ markedly
determination of the achievable rates in VVyner’Eom Gaussian solutions. One example of this is the design

cellular models [331], and their extensions with flatOf ‘_‘fa_ding codes,” i.e_., C/M schemes that are specifically
fading present [268]. optimized for a Rayleigh channel, and hence do not attempt

) ) .. to maximize the Euclidean distance between error events, but

7) Optimal (location-dependent) power control in SiMplgyiher as we shall see soon, their Hamming distance.
multiple—cellula}r models with limited cell-site proces- |, general, the channel model turns out to have a consid-
sors, as to optimally balance between the desired effeebpie impact on the choice of the preferred solution of the
of increased combined power and the associated deggn schemes. If the channel model is uncertain, or not stable
terious interference. enough in time to design a C/M scheme closely matched to it,

8) Formal proofs for the discrete distribution of the scalahen the best proposition may be that of a “robust” solution,
or diagonal random variables in reference to the c#hat is, a solution that provides suboptimum performance on
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a wide variety of channel models. For example, the use a§ a “block-fading” channel, in which the fading is nearly
antenna diversity with maximal-ratio combining provides goodonstant for a number of symbol intervals. On such a channel,
performance in a wide variety of fading environments. Ara single codeword may be transmitted after being split into
other solution is offered by bit-interleaved coded modulatioseveral blocks, each suffering from a different attenuation, thus
(BICM). Moreover, the availability of channel-state informarealizing an effective way of achieving diversity.
tion (typically, in the form of the values of the attenuation
introduced by the fading process) at the transmitter or at the The Frequency-Flat, Slow Rayleigh Fading Channel
receiver modifies the code design criteria. . .
. . . This channel model assumes that the duration of a modu-
The design of C/M schemes for the fading channel is furthFr ;
. . . . l[ated symbol is much greater than the delay spread caused
complicated when a multiuser environment has to be taken nfo . : .
the multipath propagation. If this occurs, then all fre-

account. The main problem here, and in general in commyY : . :
P 9 uency components in the transmitted signal are affected

nication systems that share channel resources, is the pres% Cefhe same random attenuation and phase shift, and the
of multiple-access interference (MAI). This is generated b hannel is frequency-flat. If in addition the channél varies

the fact that every user receives, besides the signal Wh'\(/:ehr slowly with respect the symbol duration, then the fadin
is specifically directed to that user, some additional pow Y y P y ' 9

%(t) exp [fO©(t)] remains approximately constant during the

from transmission to other users. This is true not only when o P
. ssion 1o ofher USers S IS true ot only WN&H, smission of several symbols (if this does not occur, the
CDMA is used, but also with space-division multiple accesy, ing process is callethsd

in which intelligent antennas are directed toward the intende The assumption of nonselectivity allows us to model the
user. Earlier studies devoted to multiuser transmission Sime%/ding as a grocess affecting thg transmitted signal in a
neglected _the presence of MAI. Typically, they were baS(:“Enultiplicative form. The assumption of slow fading allows
on the naive assumption that, due to some version of the . .
ubiquitous “central limit theorem,” signals adding u fromus to model this process as a constant random variable
a vC!clriet of users would coales’ce tg a rocessg reEemb“cri]uring each symbol interval. In conclusionyift) denotes the
>ty of P ; C(%nplex envelope of the modulated signal transmitted during

Gaussian noise. Thus the effect of MAI would be an increa; e interval (0,7), then the complex envelope of the signal
of thermal noise, apd any Q/M scheme designed to cope Wik eived at the output of a channel affected by slow, flat fading
the latter would still be optimal, or at least near-optimal, for " . : . .

: and additive white Gaussian noise can be expressed in the form
multiuser systems.

Of late, it was recognized that this assumption was ground- () = Re/®x(t) + n(t) (4.2.1)

less, and consequently several of the conclusions that it
prompted were wrong. The central development of multiusgjhere n(¢) is a complex Gaussian noise, aft’® is a
theory was the introduction of the optimum multiuser desayssian random variable, wifl having a Rice or Rayleigh
tector: rather than demodulating each user separately g and unit second moment, i.€5[R?] = 1.
independently, it demodulates all of them simultaneously. |t \ve can further assume that the fading is so slow that we
Multiuser detection was born in the context of terrestriglyy estimate the phas® with sufficient accuracy, and hence
cellular communication, and hence implicitly assumed a MAkompensate for it, then coherent detection is feasible. (If the
limited environment where thermal noise is negligible witihhase cannot be easily tracked, then differential or noncoherent
respect to MAI (high-SNR condition). For this reason codingemodulation can be used: see, e.g., [382], [395], [396], [409],
was seldom considered, and hence most multiuser detectig83]) Thus model (4.2.1) can be further simplified to
schemes known from the literature are concerned with symbol-
by-symbol decisions. r(t) = Ra(t) + n(t). (4.2.2)
Reasons of space prevent us from covering the topic of
C/M for multiuser channels in detail. However, we should at should be immediately apparent that with this simple model
least mention that multiuser detection has been studied fififading channel the only difference with respect to an AWGN
fading channels as well (see, e.g., [351], [352], and [354]). ¢hannel rests in the fact thdt, instead of being a constant
recent approach to coding for fading channels uses an iteratiteenuation, is now a random variable, whose value affects the
decoding procedure which yields excellent performance @mplitude, and hence the power, of the received signal. If in
the realm of coded multiuser systems. (Also, noniterativaddition to coherent detection we assume that the value taken
multiuser schemes are well documented.) The interested redderR is known at the receiver and/or at the transmitter, we
is referred to [340]-[347]. say that we haveerfect CSl Channel-state information at the
Another relevant factor in the choice of a C/M scheme igceiver front-end can be obtained, for example, by inserting a
the decoding delay that one should allow: in fact, recentfyilot tone in a notch of the spectrum of the transmitted signal,
proposed, extremely powerful codes (the “turbo codes” [359nd by assuming that the signal is faded exactly in the same
suffer from a considerable decoding delay, and hence theiay as this tone.
application might be useful for data transmission, but not for Detection with perfect CSI at the receiver can be performed
real-time speech. For real-time speech transmission, whiekactly in the same way as for the AWGN channel: in fact, the
imposes a strict decoding delay constraint, channel variaticcmnstellation shape is perfectly known, as is the attenuation
with time may be rather slow with respect to the maximurmcurred by the signal. The optimum decision rule in this
allowed delay. In this case, the channel may be modeledse consists of minimizing the Euclidean distance between
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the received signal and the transmitted signal, rescaled bynamimum-distance criterion, which is of direct relevance when

factor R short (and hence inherently not capacity-achieving) codes are
T to be designed for a rather high signal-to-noise environment.
/ [r(t) — Rz(t)]?dt or |r— Rx|? (4.2.3)  Assume transmission of a coded sequende =
0 (x1,22,---,2,) where the components o’ are signal
with respect to the possible transmitted real signdly (or vectors selected from a constellatiSn We do not distinguish
vectors x). here among block or convolutional codes (with soft decoding),

A consequence of this fact is that the error probability witbr block- or trellis-coded modulation. We also assume that,
perfect CSI and coherent demodulation of signals affected thanks to perfect (i.e., infinite-depth) interleaving, the fading
frequency-flat slow fading can be evaluated as follows. We fireindom variables affecting the various symbatg are
compute the error probability?(¢|R) obtained by assuming independent. Hence we write, for the components of the
R constant in model (4.2.2), then we take the expectation @fceived sequenc@i,rz,---,r,)

P(e|R), with respect to the random variabie The calculation

of P(e|R) is performed as if the channel were AWGN, but T = Rz + (43.1)
with the energy€ changed toR2£. Notice finally that the . .
assumptions of a noiseless channel-state information and/2e€ thekt;, are independent, and, under the assumption that

noiseless phase-shift estimate make the value®(@f thus thecngse IS c\jNh'te’. the ?Vh’ﬁ’“ e:jredalso mdepenqintr.]
obtained as yielding a limiting performance. oherent detection of the coded sequence, with the assump-

In the absence of CSI, one could pick a decision rufion of perfect channel-state information, is based upon the
consisting of minimizing ' search for the coded sequentethat minimizes the distance

T N
/ [r(t) —z(®)]*dt or |r—z (4.2.4) Dl — Reael*. (4.3.2)
0 k=1

However, with constant envelope signa|s|(constant), the . - S
— . . .~ Thus th I h
error probabilities obtained with (4.2.3) and (4.2.4) commd%a:éQ’ ;Se pairwise error probability can be expressed in this

In fact, observe that the pairwise error probability between
z and %, i.e., the probability thai is preferred toz by the Plx¥ - A < H 1 (4.3.3)
receiver whene is transmitted, is given by - 1+ |zx — 21]2/4No

kel

Pz — &) = P(Ir — R&[’ <|r — Re[’) where X is the set of indiceg such thatzy # .
=P(2R(r,z —2)<0) An example: For illustration purposes, let us compute the
=P((r,z — ) <0). Chernoff upper bound to the word error probability of a block
) o ) code with rateR.. Assume that binary antipodal modulation is
Comparison of error probabilities over the Gaussian chan ed, with waveforms of energi€s and that the demodulation

with those over the Rayleigh fading channel with perfe¢t . nerent with perfect CSI. Observe that fior # ), we
CSI [358], [223] show that the loss in error probability ig,,e

considerable. Coding can compensate for a substantial amount
of this loss. |zr — &1 |? = 4€ = 4R.E,

C. Designing Fading Codes: The Impact of Hamming Distanag¢here & denotes the average energy per bit. For two code-

A commonly approved design criterion is to design codevc\fordSX’X at Hamming distancé (X, X) we have

schemes such that their minimum Euclidean distance is max- 1 HX,D)

imized. This is correct on the Gaussian channel with high P{x — X} < <7>

SNR (although not when the SNR is very low: see [419]), 1+ R.&[No

and is often acceptefaute de mieuxon channels that deviate 5 hence, for a linear code,

little from the Gaussian model (e.g., channels with a moderate ,

amount of intersymbol interference). However, the Euclidean- B 1 Y

distance criterion should be outright rejected over the Rayleigh Ple) = PlelX) < Z <1 + chb/N())

fading channel. In fact, analysis of coding for the Rayleigh

fading channel proves that Hamming distance (also calladere W denotes the set of nonzero Hamming weights of

“code diversity” in this context) plays the central role here. the code, considered with their multiplicities. It can be seen
It should be kept in mind that, as far as capacity-achievirtbat for high enough signal-to-noise ratio the dominant term

codes are concerned, the minimum Euclidean distance has littiehe expression of(¢) is the one with exponent,..i., the

relevance: it is the whole distance spectrum that counts [414jinimum Hamming distance of the code.

This is classically demonstrated by the features of turbo code®By recalling the above calculation, the fact that the proba-

[359], which exhibit a relatively poor minimum distance andbility of error decreases inversely with the signal-to-noise ratio

yet approach capacity rather remarkably. In this sense, what kaésed to powerl,,,;, can be expressed by saying that we have

provide in this section is the fading-channel equivalent of thetroduced acode diversityd,,;y,.

weW
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Fig. 5. System model.

We may further upper-bound the pairwise error probabilitghannel: here no role is played by the Euclidean distance,

by writing which is the central parameter used in the design of coding
. 1 schemes for the AWGN channel.
Py - xy <[] [or = &2 /ANg For uncoded system@ = 1), the results above hold with
kek TR T 0 the positionsL, = 1 and§2(X, X') = |& — |2, which shows

_ 1 that the error probability decreases &g. A similar result

- [62(X ;\9)/4N0]H(“’7“}> could be obtained for maximal-ratio combining in a system
’ (4.3.4) with diversity L.. This explains the name of this parameter.
In this context, the various diversity schemes may be seen as

(which is close to the true Chernoff bound for small enougimplementations of the simplest among the coding schemes,

No). Here the repetition code, which provides a diversity equal to the
1/H(X,0) number of diversity branches (see [379], [380], [417], and
’ fire From the discussion above, we have learned that over the

perfectly interleaved Rayleigh fading channel the choice of a

is the geometric mean of the nonzero squared Euclidegfyrt code (in the sense elucidated above) should be based
distances between the componentsXfAx’. The latter re-

‘ =7 on the maximization of the code diversity, i.e., the minimum
sult shows the important fact that the error probability ifj5mming distance among pairs of error events. Since for the
(approximately) inversely proportional to tioduct of the 5, qgian channel code diversity does not play the same central
squargd Euclidean distances between the componentszof role, coding schemes optimized for the Gaussian channel
that differ, and, to a more relevant extent, to a power of tr%ﬁe likely to be suboptimum for the Rayleigh channel. We

zlgnal-to;gmse;r;nov\\;v hose expongnt E tk}e Hahmmlnhg d'itanﬁgve noticed in the previous section that optimal (capacity-
etweend” and A'. We stress again the fact that the abov chieving) codes for the channel at hand (4.3.1) are in fact

results hold when CSl is available to the receiver. With no Su%xactly the same codes as designed for the classical AWGN

availability, the metric differs considerably from that Ieadin% annel when CSl is available to receiver only [412] or to
to (4.3.4) (see [381]). This is in contrast to what was Observ?gceiver and transmitter [376]. This is because those codes,

before for the case of constant-envelope signals. X . .
; being long, manage to achieve the averaging effect over the
Further, we know from the results referring to block code g long 9 ging

convolutional codes, and coded modulation that the uni(f%dmg realizations. Here the conclusions are dufferent, as

. e focus on short codes, whose different features, like code
bound to error probability for a coded system can be obtain . .
Iversity, help improve performance.

b)_/ summing up the“ pairwise errg)r prob_ablllt!es assom_atedl) Signal-Space CodingDesign of multidimensional con-
with all the different “error events.” For high signal-to-noise . . LI . :
. ) . . tellations aimed at optimality on the Rayleigh fading channel
ratios, a few equal terms will dominate the union bound. . .
been recently developed into an active research area (see

These correspond to error events with the smallest value
the Hamming distancél (X', X'). We denote this quantity by[ 2]-{364], [370], [389], [385], [429], [432], [398] and

L. to stress the fact that it reflects a diversity residing in tl{éilh]) th th icati ; del
code. We have is theory assumes the communication system mode

. y shown in Fig. 5. Here Rayleigh fading affects independently
P{X¥ - x> 5 ~ - (4.3.5) each signal dimension, and, as usual, perfect phase recovery
[62(&, &)/ 4No] " and perfect (CSI) are available.
where v is the number of dominant error events. For error Let S be a finiten-dimensional signal constellation carved
events with the same Hamming distance, the values takenflym the lattice{# = A/}, whereu is an integer vector and
62(2\,’,2\?), and byv are also of importance. This observationV! is the lattice-generator matrix. Let = (z1,z2, -, zy)
may be used to design coding schemes for the Rayleigh fadotgnote a transmitted signal vector from the constellafidRe-
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ceived signal samples are then giveny: (y1,y2, -, ¥n)

with r;, = ayz; +n; for i = 1,2,--- n, where theqa; are
independent real Rayleigh random variables with unit second
moment (i.e.,E[o?] = 1) andn; are real Gaussian random
variables with mean zero and variandg/2 representing the

additive noise. With® denoting component-wise product, we
can then writer = R ® x +n, with R = (Ry,Ra,---, R,,), P

n = (711,712, e ann)a andir = (ylayQa e ayn)
With perfect CSI, maximume-likelihood (ML) detection,
which requires the minimization of the metric

(@) (b)

Fig. 6. Example of modulation diversity with 4-PSK. (&); = 1. (b)
m(:l'|'r,a) = E |7’k _kak|2 (436) Ls = 2.
k=1

n

may be a very complex operation for an arbitrary signal setSince a lattice isgeometrically uniform[384], we may
with a large number of points. A universal lattice decoder w&mply write that the error probability when transmitting a
suggested to obtain a more efficient ML detection of lattic@ignal chosen from lattica is the same for all signals, and
constellations in fading channels [430], [429], [432], [364]n particular for the signal corresponding to the lattice point

[398], [431]. 0: P.(A) = P.(A|0). The union bound to error probability
Signal-space diversity and product distanc@fith this Yields
channel model, theliversity orderL, of a multidimensional P.(S) < P.(A) < EP("” — &) (4.3.7)

signal set is the minimum number of distinct components

between any two constellation points. In other words, the

diversity order is the minimum Hamming distance betweenhere P(x — ) is the pairwise error probability. The first

any two coordinate vectors of the constellation points. inequality takes into account the edge effects of the finite
This type of diversity technique can be callebdulation constellations compared to the infinite lattic4.

or signal-space diversity This definition applies to every Let us apply the Chernoff bound to estimate the pairwise

modulation scheme and affects its performance over the fadi@igor probability. For large signal-to-noise ratios we have

2HT

channel in conjunction with component interleaving. By use . 1 1
of component interleaving, fading attenuations over differ- Pl — 2) < 3 H —(x‘ — )2
ent space dimensions become statistically independent. An wibi St
. . . 8No

attractive feature of these schemes is that we have an im- 1 1
provement of error performance without even requiring the =3 ; (4.3.8)
use of conventional channel coding. <ﬂ ﬁ) dg)(a: &)?

Two approaches were proposed to construct high 8 No

here dg)(m,:i*) is the (normalized)-product distanceof =

42 432 4 70]). The fi
[385], [429], [432], [364], and [370]). The first was baseq ' "' b0 o Co o points differ ih components

modulation-diversity constellations (see [362], [363], [389],
on the design of high-diversity lattice constellations b

applying the canonical embeddingo the ring of integers H (z; — y;)?
of an algebraic number field Only later was it realized O an2 _ 7
that high modulation diversity could also be achieved by dy/(z,&)" =  (E/n) (4.3.9)

applying a certain rotation to a classical signal constellation o o ) ) _

in such a way that any two points achieve the maximufh'S the spectral efﬁuency (in bits per d|menspn padh),is
number of distinct components. Fig. 6 illustrates this idd8€ average energy per bit, afids the average signal energy.
applied to a 4-PSK. Two- and four-dimensional rotationdSymptotically, (4.3.9) is dominated by the tetf(£,/No)*-
were first found in [362] and [398], while the search for goowhereLS = min (1) is the d|ve_rS|ty of the signal constellation.
high-dimensional rotations needs sophisticated mathematiggarranging (4.3.9) we obtain

n

tools, e.g., algebraic number theory [366]. 1 K,

An interesting feature of the rotation operation is that the P(A) < 3 Z - (4.3.10)
rotated signal set has exactly the same performance than the I=L, <_ﬁ>
nonrotated one when used over a pure AWGN channel, while 8 No

as for other types of diversity such as space, time, frequen%
and code diversity, the performance over Rayleigh fading
channels, for increasingly high modulation diversity orde# at [-product distanced!” from z and with [ different
approaches that achievable over the Gaussian channel [37¢pmponentsL, < [ < n. By analogy with the lattice theta
To give a better idea of the influence &f on the error series;m, = A . is called theproduct kissing number
probability, we estimate the error probability of the system This shows that the error probability is determined asymp-
described in Section 1V-C1). totically by the diversity orderL, the minimum product

ereK; =% Adm/(dg))?. A, is the number of points
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distanced;ﬁ;)in, and the kissing numbet,. In particular, good - 2
. . (L) d I Source | | Coded | ”| Interleaver
signal sets have high andd, and smalir,,. Modulator

,min’ Generator
High-diversity integral lattices from algebraic number
fields: The algebraic approach [363], [389], [386], [385],
[429], [364], [365], [388], [370], [366], [372], [390], [378],
[413], [415] allows one to build a generator matrix exhibiting
a guaranteed diversity.

As a special case, high-diversity constellations can be
generated by rotations [362], [432], [364], [365], [370]-[372]. M
First of all, note that if the lattice generator matrid in I
Fig. 5 is a rotation matrix, then the signal constellatisn S
can be viewed as a rotated cubic lattice constellation or>
a rotated multidimensional quadrature amplitude-modulationg
(QAM) constellation. This observation enables some of then
previous results on high-diversity lattices to be applied to
producing high-diversity rotated constellations.

One point has to be noted when using these rotated constel-
lations: increasing the diversity does not necessarily increase to
the same extent the performance: in fact, the minimum produgt Viterbi | T . r
distanced;ﬁflm decreases and the product kissing number | Decoder Deinterleaver
increases. Simulations show that most of the gain is obtained
for diversity orders up taé6.

2) Block-Fading Channel:This channel model, introduced
in [148] and [210] (see also [400] and [156]) belongs to
the general class of block-interference channels described in , o
[183]. It is motivated by the fact that, in many mobile radid'd: 7- Block diagram of the transmission scheme.
situations, the channel coherence time is much longer than one
symbol interval, and hence several transmitted symbols af&) < 5. Now, the convolutional code selected for GSM
affected by the same fading value. Use of this channel modghieves exactly this bound, and hence it can be proved to
allows one to introduce a delay constraint for transmissiope optimum in the sense of maximizing the block Hamming
which is realistic whenever infinite-depth interleaving is not gistance [400]. The code was originally found by optimizing
reasonable assumption. the Hamming distance, considering interleaving over eight

This model assumes that a codeword of lengthk= M N time slots for full-rate GSM (and over four for half-rate) with
spansM blocks of lengthV (a group of M blocks will be one or two erasures. The result was a half-rate code which
referred to as d&rame). The value of the fading in each blockcould decode even if three out of eight slots were bad (full-
is constant, and each block is sent through an independgstk) [391], [407]. A larger upper bound would be obtained by
channel. An interleaver spreads the code symbols over $fosings = 4, in which case the challenge would be to find
M blocks. M is a measure of the interleavirdglay of the 5 ode that achieves this bound.
system: in fact.M = 1 (or N = n) corresponds t0 N0 Malkamiki and Leib [175] provide a fairly comprehensive
interleaving, whileM = » (or N = 1) corresponds to perfect 5na|ysis of coding for this class of channels, based on random-
interleaving. Thus results obtained for different valueshof coding error bounds. Among the observations of [175], it
illustrate the downside of nonideal interleaving, and hence gf interesting to note that for high-rate codes the diversity
finite decoding delay. afforded by the use af/ blocks may not improve the average

For this channel, it is intuitive (and easy to prove) thgtyye nerformance: since the channel is constant during a block,

the pairwise error probability decreases exponentially wiffiay e petter to send the whole codeword in a single block
exponent(/), the Hamming distance between codewords Qiih o+ than to divide it into several blocks.

a block basis (in other words, two nonequal blocks contribute
to this block Hamming distance by one, irrespective of tha. Impact of Diversity

symbols in which they differ). If a code with rat. bits per  1he design procedure described in the section above, and
dimension is used over this channel in conjunction withSan consisting of adapting the C/M scheme to the channel, may
ary modulation scheme, then the Singleton bound [400], [158}tter from a basic weakness. If the channel model is not
upper-bounds the block Hamming distance stationary, as may be the case, for example, in a mobile-
d(M) <1+ {M(l R )J (4.3.11) radio environment.where it fluctuates in time betwgen the
log, S extremes of Rayleigh and AWGN, then a code designed to
If this inequality is applied to a code with = 0.5, = 8, be optimum for a fixed channel model might perform poorly
andS = 2 (the parameters that characterize the GSM standamtien the channel varies. Therefore, a code optimal for the
of second-generation digital cellular systems), it shows th&tVGN channel may be actually suboptimum for a substantial
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Fig. 8. Effect of antenna diversity on the performance of four-state TCM schemes over the flat, independent Rayleigh fadingJéhimnoptimum
for the Rayleigh channel, whil&4 is optimum for the Gaussian channel.
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fraction of timel” An alternative solution consists of doing Fig. 7 shows the block diagram of the transmission scheme
the opposite, i.ematching the channel to the coding schemavith fading and cochannel interference.

the latter is still designed for a Gaussian channel, while theThe assumptions are [302], [303], and [426] as follows.
former is transformed from a Rayleigh-fading channel (say) 1) pSK modulation.

into a Gaussian one, thanks to the introduction of antennap) A7 independent diversity branches whose signal-to-noise
diversity and maximal-ratio combining. ratio is inversely proportional td/ (this assumption is

The standard approach to antenna diversity is based on the  made in order to disregard the SNR increase that actually
fact that, with several diversity branches, the probability that  occurs when multiple receive elements are used).

the signal will be simultaneously faded on all branches cang) Flat, independent Rayleigh fading channel.

be made small. Another approach, which was investigateds) Coherent detection with perfect channel-state informa-
by the authors in [302], [303], and [426], is philosophically tion.

different, as it is based upon the observation that, under fairlyg Synchronous diversity branches.

general conditions, a channel affected by fading can be turneg Independent cochannel interference, and a single inter-
into an additive white Gaussian noise (AWGN) channel by ~ fgrer.

increasing the number of diversity branches. Consequently,l_'p] codes examined in [302], [303], and [426] are the fol-
can be expected (and it was indeed verified by analyses qé]\?\ﬁng' ' '
wing:

simulations) that a coded-modulation scheme designed to

optimal for the AWGN channel will perform asymptotically Y4 Four-state, rat@/3 TCM scheme based on 8-PSK and
well also on a fading channel with diversity, at the cost of an optimized for Rayleigh fading channels [397].
increase in receiver complexity. An advantage of this solution Y4: Four-state rate/3 TCM scheme based on 8-PSK and
is its robustness, since changes in the physical channel affect ~ OPtimized for the Gaussian channel.

the reception very little. U8: Same as Qbove, with elght states.

This allows one to argue that the use of “Gaussian” codesQ84: “Pragmatic” concatenation of the “best” ratgz 64-
along with diversity reception provides indeed a solution to the state convolutional code with 4-PSK modulator and
problem of designing robust coding schemes for the mobile Gray mapping [428].
radio channel. Fig. 8 compares the performance 84 andJ4 (two TCM

schemes with the same complexity) over a Rayleigh fading
channel withA-branch diversity.

17We recall that, as far as channel capacity is concerned, with CSI available; js seen that, as\f increases, the performance (37}

to either the receiver or both receiver and transmitter, it is the capacity- o
B %pmes closer and closer to that #4. Similar results hold
(6]

achieving code which implicitly does time averaging, even when no diversi - )
is present. r correlated fading: even for moderate correlatizhloses
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its edge onU4, and for M as low as4 U4 performs better based on 4-PSK, 8-PSK, and 16-QAM. They exhibit excellent
than J4 [302]. The effect of diversity is more marked wherperformance, and can operate within 2—3 dB of the theoretical
the code used is weaker. As an example, two-antenna diversityits.
provides a gain of 10 dB at BER 10~% whenU8 is used,
and of 2.5 dB wherQ64 is used [302]. The assumption o
branch independence, although important, is not critical: in An efficient coding strategy, which can also be used in
effect, [302] shows that branch correlations as larged.as conjunction with diversity, is based on the simple observation
degrade system BER only slightly. The complexity introducetiat if CSl is available at the transmitter as well as at the
by diversity can be traded for delay: as shown in [302], ireceiver the transmit power may be allocated on a symbol-
some cases diversity makes interleaving less necessary, soliyegymbol basis. Consider the simplest such strategy. Assume
a lower interleaving depth (and, consequently, a lower over#fiat the CSIR is known at the transmitter front-end, that is,
delay) can be compensated by an increasé@/of the transmitter knows the value & during the transmission
When differential or pilot-tone, rather than coherent, ddthis assumption obviously requires th&tis changing very
tection is used [426], a BER floor occurs which can bglowly), and denote by/(R) the amplitude transmitted when
reduced by introducing diversity. As for the effect of cochann#éie channel gain i$:. One possible power-allocation criterion
interference, even its BER floor is reduced/sis increased (constant error probability over each symbol) requivég) to
(although for its elimination multiuser detectors should bee the inverse of the channel gain. This way, the channel is
employed). This shows that antenna diversity with maximaFansformed into an equivalent additive white Gaussian noise
ratio combining is highly instrumental in making the fadinghannel. This technique (“channel inversion”) is conceptually
channel closer to Gaussian. simple, since the encoder and decoder are designed for the
1) Transmitter-Antenna DiversityMultiple transmit anten- AWGN channel, independent of the fading statistics: a version
nas can also be used to provide diversity, and hence abit is common in spread-spectrum systems with near—far
improve the performance of a communication system inisterference imbalances. However, it may suffer from a large
fading environment; see, e.qg., [393], [198], [434], [435], [436apacity penalty. For example, with Rayleigh fading the trans-
Transmitter diversity has been receiving in the recent pastitted power would be infinite, becau## R 2] diverges, and
fresh look. As observed in [198], “it is generally viewed aghe channel capacity is zero.
more difficult to exploit than receiver diversity, in part because To avoid divergence of the average power (or an inor-
the transmitter is assumed to know less about the channel tidimately large value thereof) a possible strategy consists of
the receiver, and in part because of the challenging designerting the channel only if the power expenditure does not
problem: the transmitter is permitted to generate a differe@xceed a certain threshold; otherwise, we compensate only for
signal at each antenna.” a part of the channel attenuation. By appropriately choosing the
The case withl/ transmit antennas and one receive antennalue of the threshold we trade off a decrease of the average
is relatively simple, and especially interesting for applicationseceived power value for an increase of error probability.
A taxonomy of transmitter diversity schemes is proposed A different perspective in taken in [43], where a coding
in [198]. In [410] and [198] each transmit antenna sees aftrategy is studied which minimizes the outage rate of the
independent fading channel. The receiver is assumed to hafeblock BF-AWGN. It is shown that minimum outage rate
perfect knowledge of the vectd® of the fading coefficients can be achieved by transmitting a fixed codebook, randomly
of the M channels, while the transmitter has access only generated with i.i.d. Gaussian components, and by suitably
a random variable correlated wifd. This variable representsallocating the transmitted power to the blocks. The optimal
side information which might be obtained from feedback frorpower-allocation policy is derived under a constraint on the
the receiver, reverse-path signal measurements, or apprésansmitted power. Specifically, two different power con-
mate multipath directional information. The lack of channedtraints are considered. The first one (“short-term” constraint)
knowledge at the transmitter results in a factoridfloss in requires the average power each frameto be less than a
signal-to-noise ratio relative to perfect channel knowledge. constantP. The second one (“long-term” constraint) requires
General C/M design guidelines for transmit-antenna divethe average powdime-averaged over a sequence of infinitely
sity in fading channels were considered by several auther&ny framedo be less tharP.
(see, e.g., [383)]). In [111], the coding scheme advocated for a channel with
2) Coding with Transmit- and Receive-Antenna DiversityfCSI at both transmitter and receiver was based on multiplexing
Space-Time CodesAs of today, the most promising codingdifferent codebooks with different rates and average powers,
schemes with transmit- and receive-antenna diversity seemaoere the multiplexer and the corresponding demultiplexer are
be offered by “space—-time codes” [281]. These can be sedniven by the fading process. Reference [43] shows that the
as a generalization of a coding scheme advocated in [4183me capacity can also be achieved by a single codebook with
where the same data are transmitted by two antennas withia. Gaussian components, whosgh block of symbols is
delay of one-symbol interval introduced in the second patproperly scaled before transmission. To see this, it is sufficient
This corresponds to using a repetition code. The diversity replace the BF-AWGN channel with perfect transmitter and
gain provided by space—time codes equals the rank of certeggeiver CSl and gain by a BF-AWGN channel with perfect
matrices, which translates the code design task into an elegateiver CSl only and gaifi = a~y(«), wherey(-) denotes the
mathematical problem. Explicit designs are presented in [28bhtimum power-control strategy. Sine€-) is time-invariant,

fE. Coding with CSI at Transmitter and Receiver
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these channels have the same capacity irrespectively of the TABLE |
fading time correlation, as long d&} forms an asymptotically EucLiDEAN AND HAMMING DISTANCES OF SELECTED BICM

di d del L. d . AND TCM ScHEMES FOR16-QAM AND TRANSMISSION RATE 3 BiTs
ergodic process and no delay constraint is imposed (a rigorous Per DIMENSION PAIR (THE AVERAGE ENERGY |s NORMALIZED TO 1)

proof, valid in a general setting, is provided in [41]).

BICM TCM
A pragm_atic power-qllocaﬁqn scheme for blo_ck-fading Encoder &2 drr & dr
channels, simple but quite efficient, was proposed in [401]. It Memory

consists of inverting the channel only for a limited number of 2 1.2 3 20 1
blocks, while no power is spent to transmit the others. 3 16 4 24 2
4 1.6 4 28 2
oy ; 5 2.4 6 32 2
F. Bit-Interleaved Coded Modulation e 54 6 36 3
Ever since 1982, when Ungerboeck published his landmark 7 3.2 8 36 3
paper on trellis-coded modulation [424], it has been generally 8 32 8 40 3

accepted that modulation and coding should be combined
n a smgle_ er_mty for improved performance. Several_ results Recently, a scheme which combines bit-interleaved coded
followed this line of thought, as documented by a considerable . o . . y .
. : modulation with iterative (“turbo”) decoding was analyzed
body of work aptly summarized and referenced in [397] (s . : . .
: 04], [405]. It was shown that iterative decoding results in
also [361, Ch. 10]). Under the assumption that the symbals . :
; ; ; .2 dramatic performance improvement, and even outperforms
were interleaved with a depth exceeding the coherence time,. . )
. . tréllis-coded modulation over Gaussian channels.
of the fading process, new codes were designed for the fading
channel so as to maximize their diversity. This implied in
particular that parallel transitions should be avoided in tHa- Conclusions
code, and that any increase in diversity would be obtained byThis review was aimed at illustrating some concepts that
increasing the constraint length of the code. One should al$@ke the design of short codes for the fading channel differ
observe that for non-Ungerboeck systems, i.e., those separatingkedly from the same task applied to the Gaussian channel.
modulation and coding with binary modulation, Hammingn particular, we have examined the design of “fading codes,”
distance is proportional to Euclidean distance, and hencg.&, C/M schemes which maximize the Hamming, rather than
system optimized for the additive white Gaussian channeltise Euclidean, distance, the interaction of antenna diversity
also optimum for the Rayleigh fading channel. with coding (which makes the channel more Gaussian), and the
A notable departure from Ungerboeck’s paradigm was thfect of separating coding from modulation in favor of a more
core of [428]. Schemes were designed in which coded modutabust C/M scheme. The issue of optimality as contrasted to
tion is generated by pairing alf -ary signal set with a binary robustness was also discussed to some extent. The connections
convolutional code with the largest minimum free Hammingith the information-theoretic results for the previous section
distance. Decoding was achieved by designing a metric aimgdre also pointed out.
at keeping as their basic engine an off-the-shelf Viterbi decoder
for the de factostandard, 64-state raig’2 convolutional code.
This implied giving up the joint decoder/demodulator in favor V. EQUALIZATION OF FADING MULTIPATH CHANNELS
of two separate entities. Equalization is generally required to mitigate the effects
Based on the latter concept, Zehavi [437] first recognized intersymbol interference (ISI) resulting from time-
that the code diversity, and hence the reliability of codegispersive channels such as fading multipath channels which
modulation over a Rayleigh fading channel, could be furthefe frequency-selective. Equlization is also effective in
improved. Zehavi's idea was to make the code diversity equalducing multiple-access interference (MAI) in multiuser
to the smallest number of distintiits (rather thanchannel communication systems. In this section, we focus our
symbol$ along any error event. This is achieved by bit-wisdiscussion on equalization techniques that are effective in
interleaving at the encoder output, and by using an appropriagtsmbatting 1SI caused by multipath in fading channels and
soft-decision bit metric as an input to the Viterbi decoder. MAI in multiuser communication systems. Many references
One of Zehavi’'s findings, rather surprisirgpriori, was to the literature are cited for the benefit of the interested
that on some channels there is a downside to combininrgader who may wish to delve into these topics in greater
demodulation and decoding. This prompted the investigatidepth. In reading this section, it should be kept in mind that
the results of which are presented in a comprehensive fashtbe optimum coding/modulation/demodulation/decoding, as
in [42] (see also [357]). dictated by information-theoretic arguments, does not imply
An advantage of this solution is its robustness, since changeparation between equalization and decoding. However,
in the physical channel affect the reception very little. Thube latter approach may vyield robust systems with limited
it provides good performance with a fading channel as walbmplexity, incurring in a small or even negligible loss of
as with an AWGN channel (and, consequently, with a Riagptimality. In this respect, we follow here the rationale of
fading channel, which can be seen as intermediate betwéke previous section, that is, we attempt at complementing
the latter two). This is due to the fact that BICM increases thke information-theoretic insights with methods of primarily
Hamming distance at the price of a moderate reduction of theactical relevance. Thus in this section we shall not address
Euclidean distance: see Table I. explicitly the presence of code (which would be essential if
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Fig. 9. Equalizer types, structures, and algorithms.

channel capacity were to be approached). A few remarks gpread factor must satisfy the condition
this point will also be provided at the end of this section. T B, <1
md

A. Channel Characteristics that Impact Equalization that is, the channel must be underspread. Therefore, adaptive

As previously indicated, signals transmitted on Wireles%quali;ation is particula'rly applicable tq reducing the effects
channels are corrupted by time-varying multipath signal proBf ISI in underspread wireless communications channels.
agation, additive noise disturbances, and interference from o
multiple users of the channel. Time-varying multipath ger?- EQualization Methods
erally results in signal fading. Equalization techniques for combatting intersymbol inter-

The communication system engineer is faced with tHerence (ISI) on time-dispersive channels may be subdivided
task of designing the modulation/demodulation and codto two general types—Ilinear equalization and nonlinear
ing/decoding techniques to achieve reliable communicati@gualization. Associated with each type of equalizer is one or
that satisfies the system requirements, such as the desired daiee structures for implementing the equalizer. Furthermore,
rates, transmitter power, and bandwidth constraints. for each structure there is a class of algorithms that may

Not all system designs for wireless communications requibe employed to adaptively adjust the equalizer parameters
the use of adaptive equalizers. In fact/if, is the channel according to some specified performance criterion. Fig. 9
multipath spread, the system designer may avoid the ngmdvides an overall categorization of adaptive equalization
for channel equalization by selecting the time duratianof techniques into types, structures, and algorithms. Linear equal-
the transmitted signaling waveforms to satisfy the conditidmers find use in applications where the channel distortion
T, > T,,. As a consequence, the intersymbol interferenég not too severe. In particular, the linear equalizer does
(ISI) is negligible. This is indeed the case in the digital cellulanot perform well on channels with spectral nulls in their
system based on the 1S-95 standard, which employs CDMAftequency-response characteristics. In compensating for the
accommodate multiple users. This is also the case in digitahannel distortion, the linear equalizer places a large gain in
audio broadcast (DAB) systems which employ multicarriethe vicinity of the spectral null and, as a consequence, sig-
orthogonal frequency-division multiplexing (OFDM) for mod-nificantly enhances the additive noise present in the received
ulation. On the other hand, if the system designer selects #ignal. Such is the case in fading multipath channels. Con-
symbol time duratiol¥’; of the signaling waveforms such thatsequently, linear equalizers are generally avoided for fading
7, <1, then there is ISI present in the received signal whiahultipath channels. Instead, nonlinear equalization methods,
can be mitigated by use of an equalizer. either decision-feedback equalization or maximum-likelihood

Another channel parameter that plays an important role sequence detection, are used.
the effectiveness of an equalizer is the channel Doppler spreatlaximum-likelihood sequence detection (MLSD) is the
B, or its reciprocall/By, which is the channel coherenceoptimum equalization technique in the sense that it minimizes
time. Since the use of an equalizer at the receiver implies ttiee probability of a sequence error [223]. MLSD is efficiently
need to measure the channel characteristics, i.e., the chammglemented by means of the Viterbi algorithm [223], [454].
impulse or frequency response, the channel time variatiodswever, the computational complexity of MLSD grows
must be relatively slow compared to the transmitted symbexponentially with the number of symbols affected by ISI
durationT, and, more generally, compared to the multipatf223], [454]. Consequently, its application to practical commu-
spreadZ;,,. Consequently]l/By > T, or, equivalently, the nication systems is limited to channels for which the ISI spans
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Fig. 10. Decision-feedback equalizer.

a relatively small number of symbols, e.g. fewer than ten. Sutite ISI in underwater acoustic communication channels [510],

is the case for the GSM digital cellular system, where MLSI[512]. It also provides a computationally simpler alternative to

is widely used. This is also the case for the North AmeriddLSD for use in the GSM digital cellular system, where the

IS-54 or 1S-136 digital cellular standard, where the ISI spatsultipath spread of the channel may span up to six symbols

only two or three symbols [469]. [444]. The DFE has also been used in digital communication
On the other hand, there are wireless communication ch&ystems for troposcatter channels operating in the SHF (3-30-

nels in which the 1SI spans such a large number of symbofgHz) frequency band [223], [463] and ionospheric channels

e.g., 50-100 symbols, that the computational complexity F the HF (3-30-MHz) frequency band [223], [463].

MLSD is practically prohibitive. In such cases, the decision-

feedback equalizer (DFE) provides a computationally eff¢. Fractionally Spaced Equalizers

cient albeit suboptimum, alternative [483]. The basic idea ;s o) known [223] that the optimum receiver for a digital
in decision-feedback equalization is that once an 'nformat'%mmunication signal corrupted by additive white Gaussian
symbol has been detected, the ISI that it causes on futlfgse (AWGN) consists of a matched filter which is sampled
symbols may be estimated and subtracted out prior to symBlingically at the symbol rate. These samples constitute a
detection. The DFE may be realized either in the direct form Qg of sufficient statistics for estimating the digital information
as a lattice [223], [471], [504], [S05]. The direct-form structurgnat was transmitted. If the signal samples at the output of the
of the DFE is illustrated in Fig. 10. matched filter are corrupted by intersymbol interference, the
It consists of a feedforward filter (FFF) and a feedback f“t%rymbol-spaced samples are further processed by an equalizer.
(FBF). The latter is driven by decisions at the output of the |n the presence of channel distortion, such as channel
detector and its coefficients are adjusted to cancel the ISI gfyltipath, the matched filter prior to the equalizer must
the current symbol that results from past detected symb@ls matched to the channel corrupted signal. However, in
(postcursors). practice, the channel impulse response is usually unknown.
The computational complexity of the DFE is a linear funcOne approach is to estimate the channel impulse response
tion of the number of taps of the feedforward and feedbagtom the transmission of a sequence of known symbols and
filters, which are typically equal to twice the number ofo implement the matched filter to the received signal using
symbols (forZ’/2 fractional spacing) spanned by the ISI. Théhe estimate of the channel impulse response. This is generally
DFE has been shown to be particularly effective for equalizirthe approach used in the GSM digital cellular system, where
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digital voice and/or data is transmitted in packets, where eagte of the FSE. Results by Qureshi and Forney [497] and
packet contains a sequence of known data symbols that &idin and Weinstein [457] demonstrate the effectiveness of
used to estimate the channel impulse response [449], [444]the FSE relative to a symbol rate equalizer in channels where
second approach is to employ a fractionally spaced equaliziéwe channel response is unknown.
which in effect consists of a combination of the matched filter In the implementation of the DFE, the feedforward filter
and a linear equalizer. should be fractionally spaced, e.g-/2-spaced taps, and its

A fractionally spaced equalizer (FSE) is based on samplitength should span the total anticipated channel dispersion The
the incoming signal at least as fast as the Nyquist rate [228edback filter ha¥’-spaced taps and its length should also
[457], [497], [520]. For example, if the transmitted signaspan the anticipated channel dispersion [223].
consists of pulses having a raised cosine spectrum with rolloff
factor 3, its spectrum extends tb,,.x = (1 + 3)/21. This D. Adaptive Algorithms and Lattice Equalizers

signal may be sampled at the receiver at the minimum rate OfIn linear and decision-feedback equalizers, the criterion

1+3 most commonly used in the optimization of the equalizer

2Fax = —— _ - T
e T coefficients is the minimization of the mean-square error

and then passed through an equalizer with tap spacing(M‘SE) between the desired equalizer output and the actual

T/(1+ f3). For example, if@ = 1, we require al’/2-spaced equalizer output. The minimization of the MSE results in the
equalizer. If3 = 1/2 we; may us,e &7 /3-spaced equalizer optimum Wiener filter solution for the coefficient vector, which

and so forth. In general, a digitally implemented FSE has t&}2y Pe expressed as [223]

spacings ofKT/L, where K and L are integers and{ < L. Copi = F—lg (5.4.1)
Often, aT/2-spaced equalizer is used in many applications, '
even in cases where a larger tap spacing is possible. whereI is the autocorrelation matrix of the vector of signal
The frequency response of an FSE is samples in the equalizer at any given time instant &rslthe
N1 vector of cross correlations between the desired data symbol
Cr(f) = Z cpe I fRT and the signal samples in the equalizer.
s Alternatively, the minimization of the MSE may be accom-

. - , plished recursively by use of the stochastic gradient algorithm
where {c, } are the equalizer coefficientdy is the number ;.. g by Widrow and Hoff [534], [535], called the LMS

of equalizer tap weights, an@” = KI'/L. Hence,Cr(f)  aigorithm. This algorithm is described by the coefficient update
can equalize the received signal spectrum beyond the Nyqtga ation

frequency up tof = L/KT. The equalized spectrum is

n j2r(f—n/T Y7o
Co (Yo (f) = Co() Y X (f = 75 )l =/2) | | N
n where C;, is the vector of the equalizer coefficients at the

nL\ orcs_nr/ kT, Kth iteration, X, represents the signal vector for the signal
=Cr/(f) ZX<f B ﬁ)eﬂ b samples stored in the equalizer at tkté iteration, ey, is the
" error signal, which is defined as the difference betweerkthe
where X(f) is the input analog signal spectrum which isransmitted symbal;, and its corresponding estimakg at the
assumed to be bandlimited;-(f) is the spectrum of the output of the equalizer, and is the step-size parameter that
sampled signal, and, is a timing delay. SinceX(f) = 0 controls the rate of adjustment. The asteriskXf signifies
for |f| > L/KT by design, the above expression reduces tahe complex conjugate o€ . Fig. 11 illustrates the linear FIR
' 1 equalizer in which the coefficients are adjusted according to
Cr (/)Y (f) = Cr ()X (e, 1= 55 the LMS algorithm given by (5.4.2).
) o It is well known [223], [534], [535] that the step-size param-
Thus the FSE compensates for the channel distortion in gy A controls the rate of adaptation of the equalizer and the
received signal before aliasing effects occur due to Symbs(hlability of the LMS algorithm. For stability) < A < 2/Ama,
rate sampling. In addition, the equal_ize_r with trans_fer fumti%here)\max is the largest eigenvalue of the signal covariance
Cr:(f) can compensate for any timing delay, i.e., for mayix A choice of A just below the upper limit provides
any arbitrary timing phase. In effect, the fractionally spacgdiq convergence, but it also introduces large fluctuations in
equalizer incorporates the functions of matched filtering ae equalizer coefficients during steady-state operation. These

equalization into a single filter structure. fluctuations constitute a form of self-noise whose variance
The FSE output is sampled at the symbol rg{& and has jycreases with an increase iv. Consequently, the choice of

a spectrum A involves tradeoff between rapid convergence and the desire
EN o kN jon(i—t/Tym to keep the variance of the self-noise smaII_ [223_], [534], [535].

ZCT’ f= T X\ f- T )¢ : The convergence rate of the LMS algorithm is slow due to

k the fact that there is only a single parameter, nanae/ythat

Its tap coefficients may be adaptively adjusted once per symloohtrols the rate of adaptation. A faster converging algorithm
as in a7T-spaced equalizer. There is no improvement iis obtained if we employ a recursive least squares (RLS)
convergence rate by making adjustments at the input samplorgerion for adjustment of the equalizer coefficients. The RLS

Ciys IOk—FAGkXZ, k=0,1,--- (5.4.2)
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Fig. 11. Linear adaptive equalizer based on MSE criterion.

algorithm that is obtained for the minimization of the sum df223], [505]. We note that the difference in convergence rate

exponentially weighted squared errors, i.e., is very significant.
X The recursive update equation for the mat#, given
&= Zwk—nun —nt2 by (5.4.5) has poor numerical properties. For this reason,
= other algorithms with better numerical properties have been

L derived which are based on a square-root factorization of
= Zwk—nun - C.X:? P, as P, = S5, whereS;, is a lower triangular matrix.
for Such algorithms are callestjuare-root RLS algorithmgl63],

[443]. These algorithms update the matfix directly without
computingP;. explicitly, and have a computational complexity
Cit1 = Cr + PiX e (5.4.3) proportional ta/V2. Other types of RLS algorithms appropriate
. for transversal FIR equalizers have been devised with a com-
wherel;, is the estimate of théth symboll; at the output of putational complexity proportional t&V [448], [508], [471].
the equalizer(, denotes the transpose 6%, and These types of algorithms are calléabst RLS algorithms
The linear and decision-feedback equalizers based on the

may be expressed as [223], [463]

ek =1k — Iy ‘o (5-4.4) RLs criterion may also be implemented in the form of a
P, = 1 |:Pk—1 _ P 1 X X, Py, ) (5.4.5) lattice structure [471], [472]. The lattice structure and the RLS
w w+ X P X, equations for updating the equalizer coefficients have been

described in several references, for example, see [471]-[473].
The convergence rate is identical to that of the RLS algorithm
nfor the adaptation of the direct form (transversal) structures.
f;!owever, the computational complexity for the RLS lattice
structure in proportional tév, but with a larger proportionality
constant compared to the fast RLS algorithm for the direct
(5.4.6) form structure [223]. For example, Table Il illustrates the

computational complexity of an adaptive DFE employing
Initially, P, may be selected to be proportional to the identitpomplex-valued arithmetic for the in-phase and quadrature
matrix. Fig. 12 illustrates a comparison of the convergensignal components. In this tablé&y; denotes the number of
rate of the RLS and the LMS algorithms for an equalizer afoefficients in the feedforward filtety, denotes the number
length theN = 11 and a channel with a small amount of ISlof coefficients in the feedback filter, amd = N; + N».

The exponential weighting factap is selected to be in the
rangel < w < 1. It provides a fading memory in the estimatio
of the optimum equalizer coefficientBy, is an(/N x N') square
matrix which is the inverse of the data autocorrelation matr
k
R, =Y v X1 X,

n=0
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In general, the class of RLS algorithms provide fastdith user. The total transmitted signal for te users is
convergence than the LMS algorithm. The convergence rate K
of the LMS algorithm is especially slow in channels which z(t) = ZSk(t)
contain spectral nulls, whereas the convergence rate of the

k=1

RLS algorithm is unaffected by the channel characteristics K o0

[223], [474]. =Y Ay Y b(Dgn(t —iT. — 7). (5.5.3)
k=1 1=—00

E. Equalization of Interference in Multiuser

Communication Systems In the forward channel of a CDMA system, i.e., the transmis-

sion from the base station to the mobile receivers, the signals

Adaptive equalizers are also effective in suppressing intgg; 5| the users are transmitted synchronously, Hence, the
ference from other users of the channel. The interference MMaysr = 0,1 < k < K
. =0,1<k<K.

be in the form of either interchannel interference (ICI), or As indicated in Section II, a frequency-selective fading

cochannel interference (CCI), or both. ICI frequently arisef%ultipath channel, which is modeled as a tapped delay line

in multiple-access communication systems that employ eithvt\a“rth time-varving tap coefficients. has an impulse response of
FDMA or TDMA. CCl is generally present in communication ying tap ' P P

systems that employ CDMA, as in the 1S-95 digital ceIIuIatrhe form

system, as well as in FDMA or TDMA cellular systems that Lt
employ frequency reuse. en(tiT) = Z cu()8(r — tu) (5.5.4)
Verdd and many others [527], [528], [521]-[525] have done =1

extensive research into various types of equalizers/detectéfzere the{c;.(t)} denote the (complex-valued) amplitudes of
and their performance for multiuser systems employiri§€ resolvable multipath components at the receiver ofthe
CDMA. In a CDMA system, the channel is shared byser of the channel,; is the number of resolvable multipath
K simultaneous users. Each user is assigned a signatteeponents, andt;.} are theL, propagation delays.
waveform g (¢) of duration T, where T, is the symbol For this channel model, the signal received by ftth

interval. A signature waveform may be expressed as mobile receiver in the forward channel may be expressed as

M-1 Ly

gk(t) = Z ak(n)p(t - nTc), 0 S t S TS (551) 7’k(t) = Z Clk(t)x(t - tlk) + nk(t)

n=0 =1
where{a,(n),0 < n < M — 1} is a pseudo-noise (PN) code L
sequence consisting dff chips that take value$t1}, p(t) = Z ar(t)su(t — tu)
is a pulse of duratioff,, andZ is the chip interval. Thus we =1
have M chips per symbol and’; = MT.. K L

The transmitted signal waveform from tt¢h user may be + Z Z cu(t)s;(t — tu) + ni(t) (5.5.5)
expressed as j=1 1=1
oo JFk
sk(t) = Ax Z b () gr(t — 15 — 1) (5.5.2) where n(t) represents the additive noise in the received
i=—00 signal. We observe that the received signal consists of the

where{b, (i)} represents the sequence of information symboldgsired signal component, which is corrupted by the channel
Ay is the signal amplitude, and, is the signal delay of the multipath, and channel-corrupted signals for the other 1
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TABLE I such interference can be subtracted from the received signal,
COMPUTATIONAL COMPLEXITY OF AN ADAPTIVE LSE thus leaving only the desired user’s signal for detection. This
Algorithms Total Number of Number of Divisions ba_SiC gppro_ach, which is gem_era”y caliederference Car_]cel'
Complex Operations lation is akin to the cancellation of the ISI from previously
LMS ON 11 0 detecte(_j symbol_s in a DFE. _ _
Fast RLS 20N 45 3 The idea of interference cancellation has been applied
Square-root RLS L5N? 4+ 6.5N N to the cancellation of MAI in CDMA systems. Basically,
Lattice RLLS 18Ny 4+ 39N, — 39 2Ny

each receiver detects the symbols of every user, regenerates
(remodulates) the users’ signals, and subtracts them from the

channel users. The latter is usually called multiple-acceeived signal to obtain the desired signal for the intended

interference (MAI). user. o _
An expression similar to (5.5.5) holds for the signal received The successive interference cance8IC) begins by ac-
at the base station from the transmissions of Aheisers. quiring and detecting the sequence of the strongest signal

The optimum multiuser receiver for the received sign@mong the signals that it receives. Thus the strongest signal is
given by (5.5.5) recovers the data symbols by use of thegenerated and subtracted from the received signal. Once the
maximum-likelihood (ML) criterion. However, in the presencétrongest signal is canceled, the detector detects the symbol
of multipath and multiuser interference, the computationgfguence of the second strongest signal. From this detected
complexity of the optimum receiver grows exponentially witlgymbol sequence, the corresponding signal is regenerated and
the number of users. As a consequence, the focus of pract@ptracted out. The procedure continues until all the MAI is
receiver design has been on suboptimum receivers whé&g&celed. When all the users are detected and canceled, a
computational complexity is significantly lower. The so-callegésidual interference usually exists. This residual MAI may
“decorrelating detector” is a suboptimum receiver that 8¢ used to perform a second stage of cancellation. This
basically a linear type of equalizer which forces the Cdasic method of interference cancellation was investigated
from other users in a CDMA system to zero [528]. Th&y Varanasi and Aazhang [522], [523] where they derived
complete elimination of CCl among all the users of the chann@l multistage detector in which hard decisions are used to
is achieved at the expense of enhancing the power in t#ietect the symbols in the intermediate stages. Instead of hard
additive noise at the output of the equalizer. Another typdecisions, one may employ soft decisions as proposed by
of linear equalizer for mitigating the CCI in a CDMA systerrKechriotis and Manolakos [467]. Recently,ulfer and Huber
is based on the minimization of the mean-square error (MSEB4] have proposed an improvement in which an adaptive
between the equalizer outputs and the desired symbols [53igtector is employed that adapts to the decreasing interference
By minimizing the total MSE, which includes the additivepower during the iterations. Such cancelers are catiégdtive
noise and CCl, one obtains a proper balance between these $@ft-decision interference canceleiSDIC).
errors and, as a consequence, the additive noise enhancemeftmajor problem with the SIC or the ISDIC methods for
is lower. MAI cancellation is the delay inherent in the implementation

In general, better performance against ISI and CCI ®f the canceler. Furthermore, as with the DFE, the SIC and
CDMA systems is achieved by employing a decision-feedbat&DIC are prone to error propagation, especially if there are
equalizer (DFE) in place of a linear equalizer. A number sfymbol errors that occur in the detection of the strong users.
papers have been published which illustrate the effectivenesg’he problems of the detection delay in SIC or ISDIC may
of the DFE in combatting such interference. As exampld alleviated to some extent by devising methods that perform
of this work, we cite the papers by Falconer al. [452], parallel interference cancellation (PIC), as described by Patel
Abdulrahmanet al. [438], and Duel Hallen [451]. and Holtzman [488] and others [445], [465].

The use of adaptive DFE’s in TDMA and FDMA digital The use of iterative methods for MAI cancellation and
cellular systems have also been considered in the literature. Betection are akin to iterative methods for decoding turbo
example, we cite the papers by D’'Aria and Zingarelli [449]codes. Therefore, it is not surprising that these approaches
[450] Bjerkeet al. [444], Uesugiet al. [519], and Baunetal. have merged in some recent publications [458], [481], [500],
[439], which were focussed on TDMA cellular systems sud®d41].
as GSM and 1S-54 (IS-136) systems. Spatio-Temporal Equalization in

The simultaneous suppression of narrowband interfereﬁé It'p c pora tq
(NBI) and (wideband) multiple-access interference (MAI) i ultiuser Lommunications
CDMA systems is another problem that has been investigatedultiple antennas provide additional degrees of freedom for
recently. Poor and Wang [494], [495] developed an algorithgyppressing ISI, CCI, and ICI. In general, the spatial dimension
based on the linear minimum MSE (MMSE) criterion follows us to separate signals in multiple-access communication
multiuser detection which is effective in suppressing both NBlystems, thus reducing CCl and ICI. A communication system
and MAI. that uses multiple antennas at the transmitter and/or the
receiver may be viewed as multichannel communication
system

In any multiple-access communication system, if the inter- Multiple antennas at the transmitter allow the user to focus
ference from other users is known at each of the user receiveh® transmitted signal in a desired direction and, thus, obtain

F. lterative Interference Cancellation
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of a many-to-few K; to P, where K; > P precombiner
Input Adaptive | Output l’— Decision followed by a P-channel DFE. The precombjner .is akin to
—* . qualizer - > — a beamformer. The performance of the receiver is evaluated
Un 1 __J 1, on experimental underwater acoustic data. The experimental
3

results demonstrate the capability of the adaptive receiver to
fully exploit the spatial variability of the multipath in the
channel while keeping the system complexity to a minimum,

Nonlinear thus allowing the efficient use of large hydrophone arrays.
function Many other papers published in the literature treat spatio-
~ temporal equalization of wireless channels. As examples, we
g cite the references [521], [525]. The majority of these papers
d are focused on spatio-temporal signal processing in CDMA

" systems.
Fig. 13. Adaptive blind equalization with stochastic gradient algorithm.

antenna gain and a reduction in CCI and ICI in areas dff- Blind Equalization
from the desired direction. Similarly, multiple antennas at In most applications where channel equalizers are used to
the receiver allow the user to receive signals from desirsdppress intersymbol interference, a known training sequence
directions and suppress unwanted signals, i.e., CCI and I@I,transmitted to the receiver for the purpose of initially
arriving from directions other than the desired directions. Tregljusting the equalizer coefficients. However, there are some
use of multiple antennas also provides signal diversity amabplications, such as multipoint communication networks,
thus, reduces the effect of signal fading. where it is desirable for the receiver to synchronize to the
Numerous papers have been published on the use multieeived signal and to adjust the equalizer without having
antennas for wireless communications. We cite a few rep@-known training sequence available. Equalization techniques
sentative papers below. For additional references, the reabased on initial adjustment of the equalizer coefficients without
may refer to the paper by Paulraj and Lindskog [489], whictfie benefit of a training sequence are said teddérecovering
provides a taxonomy for space—time processing in wireless blind. It should be emphasized here that information-
communication system. theoretic arguments address this situation in a natural setting of
Tidestavet al. [516], analyzed the performance of a mulunavailable CSI. In general, the optimal information-theoretic
tichannel DFE that performs combined temporal and spat@proach does not depend on explicit extraction of CSI.
equalization, where the multiple antenna elements may Saboptimal, robust practical methods do however resort to
either at the base-station receiver or at the mobile receivalgorithms which address explicitly the extraction of CSlI, with
The performance of the multichannel DFE was evaluated whenwithout the aid of training sequences.
the signal has a time slot structure similar to that of the GSM There are basically three different classes of adaptive blind-
digital cellular system. In this paper, the performance of trefjualization algorithms that have been developed over the
multichannel DFE was also evaluated when used for multiugeast 25 years. One class of algorithms is based on the
detection in an asynchronous CDMA system with Rayleigimethod of steepest descent for adaptation of the equalizer
fading. The paper by Lindskoet al. [470] also treats the usecoefficients. Sato’s paper [503] appears to be first published
of a multichannel DFE to equalize signals in an antenna arrpgiper on blind equalization of PAM signals based on the
for a TDMA system. method of steepest descent. Subsequently, Sato’s work was
Ratnavelet al. [501] investigate space—time equalization fogeneralized to two-dimensional (QAM) and multidimensional
GSM digital cellular systems based on the mean-square-ersignal constellations in the papers by Godard [548], Benveniste
(MSE) criterion for optimizing the coefficients of the linearand Goursat [442], Sato [549], Foschini [455], Picchi and Prati
equalizer. Viterbi detection is employed for the ISI in th¢491], and Shalvi and Weinstein [507].
received signal. Fig. 13 illustrates the basic structure of a linear blind
Spatio-temporal equalization has also proved to be effectigqualizer whose coefficients are adjusted based on a steepest
in digital communications through underwater acoustic chadescent algorithm [223]. The sampled input sequence to the
nels [509], [511]. The underwater acoustic communicaticgqualizer is denoted asv,} and its output is a sequence
channel is a severely time-spread channel with ISI that spafsestimates of the information symbols, denoted {y; }.
many symbols. Due to the large delay spread, the only practi€ar simplicity, we assume that the transmitted sequence of
type of equalizer that has proved to be effective is the DFE. imformation symbols is binary, i.e{+1}. The output of the
such channels, spatial diversity is generally available throughualizer is passed through a memoryless nonlinear device
the use of multiple hydrophones at the receiver. In the castose output is the sequendd,, = g(.f,,,)}. The sequence
where a hydroplane array consists of a relatively large numblet,,} serves the role of the “desired symbols” and is used to
of hydrophones, e.g., greater than five, Stojan@tial [511] generate an error signal, as shown in Fig. 13, for use in the
demonstrated that a mutichannel DFE is especially effecti®S algorithm for adjusting the equalizer coefficients. The
in improving the performance of the receiver. In this papebasic difference among the class of steepest descent algorithms
a reduced complexity receiver is described which considsin the choice of the memoryless nonlinearity for generating
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Fig. 14. Godard scheme for combined adaptive (blind) equalization and carrier phase tracking.

the sequencéd,, }. The most widely used algorithm in practicemethod estimates the channel magnitude and phase response
is the Godard algorithm [548], sometimes also called tH®y using the complex cepstrum of the fourth-order cumulants
constant-modulus algorithm (CMA). Fig. 14 shows a blockricepstrum) of the received signal sampled sequencg-.
diagram of Godard’s scheme which includes carrier phakeom the fourth-order cumulants, TEA separately reconstructs
tracking. the minimum-phase and maximum-phase characteristics of the
It is apparent from Fig. 13 that the steepest descent algdvannel. The channel equalizer coefficients are then computed
rithms are simple to implement, since they are basically LM$om the measured channel characteristics.
type algorithms. As such, their basic limitation is their relative By separating the channel estimation from the channel
slow convergence. Consequently, their use in equalization exfualization of the received signal, it is possible to use any type
fading multipath channels is limited to extremely slow fadingf equalizer to suppress the IS|, i.e., either a linear equalizer or
channels. a nonlinear equalizer. The major disadvantage with the class of
A second class of blind equalization algorithms is basedgorithms based on higher order statistics is the large amount
on the use of second-order and higher order (usually, fourif- data required and the inherent computational comlpexity
order) statistics of the received signal to estimate the chanitelolved in the estimation of the higher order moments (cumu-
characteristics and, then, to determine the equalizer coefficielatsts) of the received signal. Consequently, these algorithms
based on the channel estimate. are not generally applicable to fading multipath channels,
It is well known that second-order statistics (autocorrelationinless the channel time variations are extremely slow.
of the received signal sequence provide information on theMore recently, a third class of blind-equalization algorithms
magnitude of the channel characteristics, but not on the phasased on the maximume-likelihood (ML) criterion have been
However, this statement is not correct if the autocorrelatialeveloped. To describe the characteristics of the ML-based
function of the received signal is periodic, as in the case fblind-equalization algorithms, it is convenient to use the
a digitally modulated signal. In such a case, it is possible thscrete-time channel model described in [223]. The output
obtain a measurement of the amplitude and the phase of tiethis channel model with ISI is

channel response from the received signal. This cyclostationar- L
ity property of the received signal forms the basis for channel Up, = Z Jiln—k +1n (5.8.1)
estimation algorithms devised by Tomg al. [517]. k=0

It is also possible to estimate the channel response frowhere {fi} are the equivalent discrete-time channel coeffi-
the received signal by using higher order statistical methodsgnts,{/,,} represents the information sequence, &ng} is
In particular, the impulse response of a linear discrete tima-white Gaussian noise sequence.
invariant system can be obtained explicitly from cumulants of For a block of N received data points, the (joint) prob-
the received signal, provided that the channel input is no@bility density function (pdf) of the received data vector

Gaussian, as is the case when the information sequence is [v1 v2 --- wy]* conditioned on knowing the impulse
discrete and white. Based on this model, a simple methegsponse vectof = [fo fi --- fr]’ and the data vector
for estimating the channel impulse response from the receivkd= [I1 I --- In]' is

signal using fourth-order cumulants was devised by Giannakis
and Hendel [456].

Another approach based on higher order statistics is due 1 1 L
to Hatzinakos and Nikias [460]. They have introduced the®|f,I) = ——>~exp | == > |va— > filu—s
. ) . I (2ro?) 20
first polyspectra-based adaptive blind-equalization method, n=1 k=0
named the tricepstrum equalization algorithm (TEA). This (5.8.2)

2
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The joint maximum-likelihood estimates ¢f and I are the Then, from the set ofif"¥ possible sequences, we select the
values of these vectors that maximize the joint probabiliyata sequence that minimizes the cost function in (5.8.8), i.e.,
density functionp(v|f,I) or, equivalently, the values of we determine
and I that minimize the term in the exponent. Hence, the ML

solution is simply the minimum ovef andI of the metric min DM I, fyg (1)), (5.8.9)

I
2

N L The approach described above is an exhaustive computa-
DML, f) = Z Un — kafn—k tional search method with a computational comlpexity that
n=l1 k=0 grows exponentially with the length of the data block. We

=|lv — Af|? (5.8.3) may selectV = L, and, thus, we shall have one channel
estimate for each of the/” surviving sequences. Thereafter,

where the matrixA is called thedata matrixand is defined as we may continue to maintain a separate channel estimate for

L 0 0 0 each surviving path of the Virtebi algorithm search through
I I 0 0 the trellis. This is basically the approach described by Raheli
A= |13 I L - 0 |. (5.8.4) etal [498] and by Chugg and Polydoros [447].

A similar approach was proposed by Seshadri [506]. In
essence, Seshadri's algorithm is a type of generalized Viterbi
algorithm (GVA) that retainsK’ > 1 best estimates of the

We make several observations. First of all, we note ththnsmitted data sequence into each state of the trellis and
when the data vectof (or the data matrix4) is known, the corresponding channel estimates. In Seshardi’'s GVA, the
as is the case when a training sequence is available at $earch is identical to the conventional VA from the beginning
receiver, the ML channel impulse response estimate obtaingsito theL stage of the trellis, i.e., up to the point where the
by minimizing (5.8.3) overf is received sequende; , vs, - - -, v, ) has been processed. Hence,

f o1 at up to theL stage, an exhaustive search is performed. Associ-
Furd) = (A'4)" A, (5.8.5) ated with each data sequenf%”), there is a corresponding

On the other hand, when the channel impulse respghséhannel eStimat?fl\'IL(I(m))' From this stage on, the search is
is known, the optimum ML detector for the data sequen(fBOd'f'ed' to retaink’ > 1 surviving sequences and associated
I performs a trellis search (or tree search) by utilizing t annel estimates per state instead of only one sequence per
Viterbi algorithm for the ISI channel. state. Thus the GVA is used for processing the received-

When neitherI nor f are known, the minimization of the Signal sequencgv,,n > L + 1}. The channel estimate is
performance inde®)M (I, f) may be performed jointly ovek updated recursively at each ste}ge using the_LMS.aIgon_thm
and f. Alternatively, f may be estimated from the probabilityto further reduce the computational complexity. Simulation

density functionp(v|f), which may be obtained by averaginde§U|ts give_n in the paper by S(_ashradri [506] indicate that
p(w, fII) over all possible data sequences. That is, this GVA bllnd_-equallzan_on alg_orlth_m performs rather well
at moderate signal-to-noise ratio witi = 4. Hence, there

Iy Iy In—2 -+ In_p

p(v|f) = Zp('v’ ™) f) is a modest increase in the computational complexity of the
m GVA compared with that for the conventional VA. However,
— ZP(”U(m) f)P(I(m)) (5.8.6) there are additional computations involved with the estimation
— and updating of the channel estimagéd ™) associated with

each of the surviving data estimates.

whereP(I(m)) is the probability of the sequende= 1™, for An alternative joint estimation algorithm that avoids the
m=1,2,---, M and M is the size of the signal constellationleast squares computation for channel estimation has been
The latter method leads to a highly nonlinear equation for thievised by Zervast al. [539]. In this algorithm, the order for
channel estimate which is computationally intensive. performing the joint minimization of the performance index

The joint estimation of the channel impulse response amal\/ (I, f) is reversed. That is, a channel impulse response,
the data can be performed by minimizing the mebia/ (I, f) say f = f, is selected and then the conventional VA is
given by (5.8.3). Since the elements of the impulse respongged to find the optimum sequence for this channel impulse
vector f are continuous and the element of the data VecCtp¥sponse. Then, we may modifﬁ(l) in some manner to
I are discrete, one approach is to determine the maximumgi2) _ 1) 4 A1) and repeat the optimization over the
likelihood estimate off for each possible data sequence ang,ig sequence@I(m)}.

then, to select the data sequence that minimizet (1, f) Based on this general approach, Zervas developed a new
for each corresponding channel estimate. Thus the changgl pjing-equalization algorithm, which is calledquantized-

estimate corresponding to thath data sequenct™ is channel algorithm The algorithm operates over a grid in the
N ()t g (m)N—1 4(m)t channel space, which becomes finer and finer by using the ML
Hrand™) = (AT AT, (58.7) criterion to confine the estimated channel in the neighborhood

For themth data sequence, the metdizM (I, f) becomes  ©f the original unknown channel. This algorithm leads to an
efficient parallel implementation, and its storage requirements

DMI™  f0 (I™))) = [lv — A" £, (I"™)|]2. (5.8.8) are only those of the VA.
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Blind-equalization algorithms have also been developed ffsequently used in the analysis and design of communication
CDMA systems in which intersymbol interference (ISI) isystems, we have focused our attention on the information
present in the received signal in addition to MAI. Wang antheory of fading channels, by emphasizing capacity as the most
Poor [530]-[533] have developed a subspace-based blintportant performance measure and examining both single-
method for joint suppression of ISI and MAI for time-user and multiuser transmission. Code design and equalization
dispersive CDMA channels. The time-dispersive CDMAechniques were finally described.
channel is first formulated as a multiple-input, multiple-output The research trends in this area have been exhibiting a
(MIMO) system. Based on this formulation and using thblessed, mutually productive interaction of theory and practice.
signature sequences of the users, the impulse response of €xtlone hand, information-theoretic analyses provide insight or
user’s channel is identified by using a subspace method. Freren sorts out the preferred techniques for implementation. On
knowledge of the measured channel response and the identifteal other hand, practical constraints and applications supply
signal subspace parameters, both the decorrelating (zef® underlying models to be studied via information-theoretic
forcing) multiuser detector and the linear MMSE multiusetechniques. A relevant example of this is the recent emergence
detector can be constructed. The data is detected by passifigractical successive interference cancellation ([47], [194],
the received signal through one or the other of these detect@sd references therein) as well as equalization and decoding
Other methods for performing blind multiuser detection haJd50], [500] via iterative methods . These methods demonstrate
been developed by Honigt al. [461], Madhow [462], Talwar remarkable performance in the multiple-access channel, and a
et al. [514], van de Veeret al. [526], Miyajima et al. [482], deeper information-theoretic approach accounting for the basic

Juntti [466] and Paulragt al. [490]. ingredients of this procedure is called for (though not expected
to be simple if the iterative procedure is also to be captured).
I. Concluding Remarks To conclude, we hope that in this partly tutorial exposition

. . . : ... we have managed to show to some extent the beauty and the
In this section we have provided an overview of equalization . : ) .
. : . . . relevance to practice of the information-theoretic framework

techniques applied to fading dispersive channels. Of curren . ; . . .
as applied to the wide class of time-varying fading channels.

interest is the use of equalizers for suppressin interfere%p : . . :
. . quaiize 1P 9 -~ We also hope that in a small way this overview will help to
in multiuser systems and in time-varying channels. In view

attract interest to information-theoretic considerations and to

of the widespread developments in wireless communicati%\ S R
. . ff many intriguing open problems remaining in this field.
systems, research on new adaptive equalization methods wi

continue to be an active area. The information-theoretic ar-
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