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Abstract

It is widely known and accepted that multicarrier commutiara is effective in frequency selective channels if reseur
allocation strategies are used, namely per-subcarrigiti@danodulation and coding. We discuss its efficiency fafarm resource
allocation in terms of fundamental information-theorati@asures. These results are relevant to broadcast systemsnare
generally, systems which cannot rely on a feedback channel.
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I. INTRODUCTION

ULTICARRIER (MC) communication, typically based on orttmwal frequency division multiplexing (OFDM), has

established itself as an efficient and convenient methodastscenarios, including wireline, powerline and wireless
systems. MC systems are currently being intensively inyattd and experimented in optical communication as weie T
efficiency of the MC approach in terms of both performance emhplexity is out of discussion in several communication
scenarios, so the common belief tends to view it as a panatmeever, a closer look at some fundamental features of the
MC approach reveals that it may exhibit inefficiencies incéfie scenarios.

In this respect, a recently investigated communicatiomade is a channel impaired by impulse noise, which can be
considered as a limiting factor in many applications, sush far example, powerline, digital subscriber line (DSLhda
wireless communication systems. Impulse noise typicailyimates from electrical and electromagnetic equipmants affects
the transmission in the form of random bursts of relativélgrs duration and very high instantaneous power. Among ab@im
of aspects, an element which played a role in the establishofeMC modulations was their improved robustness in im@uls
noise-limited communications, with respect to singleriear(SC) schemes [1]. However, it has recently been shovamh th
standard MC systems, employing interleaving and chanrdihgp are indeed less robust to impulse noise than correpon
SC schemes [2]. Interestingly, this result does not coittguievious findings obtained for uncoded systems, whiawsthat
MC schemes may outperform SC ones [1], because the lossastmifself at rates of typical coded systems.

The results in [2] are obtained analyzing the ultimate pgenfmce limits of SC and MC communication systems in terms of
the achievable information rate (IR). From an engineeriegpoint, this performance measure is appealing becaysevtdes
a realistic information-theoretic benchmark in the fadittit takes inherently into account specific design constsaisuch
as the modulation format or the transmitted power spectifemiiowing this approach to performance evaluation in teohs
fundamental measures, this paper uses the achievable IRalgza and compare SC and MC schemes in frequency selective
additive white gaussian noise (AWGN) channels.

Il. SYSTEM MODEL AND PERFORMANCEMEASURE

We consider the SC and MC system models shown in Fig. 1, partand (b), respectively. The information sequente
is input to quadrature amplitude modulation (QAM) devicesthe SC system, the sequence of QAM independent symbols
Xsc is directly sent over a frequency selective (FS) channeichvhdds a sequend® of independent identically distributed
thermal noise samples. In the MC system, the QAM sequena®id to an inverse discrete Fourier transform (IDFT) device
whose output sequencky, ¢ is sent over the FS channel. The received sequences areedeas)sc and V¢

For a general channel with discrete inptitand continuous outpwy, the IR is defined as [3]

1(X;Y) = h(Y) = h(Y|X) 1)

whereh()) denotes the differential entropy rate of the channel outpotessy, andh(Y|X) denotes the differential entropy
rate of the channel output given the channel input. In palaic k()|X) equals the differential entropy rate of the noise

(*)Work performed while M. Franceschini and R. Pighi were attéversity of Parma.
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Fig. 1. SC (a) and MC (b) communication system models.

processWV, namely,h(W) = log 2mea?, whereo? denotes the variance of a noise sample per real dimensianlR lof the
noisy FS channel in Fig. 1 depends on the statistics of thetispquencet, which differs in the SC and MC systems. We
are then interested in analyzing and comparing the achieVvRbfor both systems. The reader is referred to [4] for detan
the IR computation in SC and MC systems.

IIl. RESULTS AND DISCUSSION

We consider classic three-tap channels with normalizeduisepresponse$l,2,1)/1/6 (channela) and (3,2,1)/v14
(channeb). The frequency response of chanae$ characterized by a second order zero at the normalizéairfiquencyr.
Channeb is also FS, but exhibits a more “well-behaved” response witlin-band spectral zeros. Despite these channel models
may appear artificial, they represent well the physical olkeémencountered in realistic broadband applications;acierized
by strongly frequency selective attenuation, includingelime, powerline and wireless communications.

Fig. 2 shows the IR of SC and MC systems for chanaeladb as a function of the signal-to-noise ratio (SNR)/ Ny, where
E, and Ny denote the average energy per information symbol and thesidleel noise power spectral density, respectively.
As a reference, the IR for a frequency flat AWGN channel is alsown (obviously, identical for SC and MC systems). The
rate and energy losses incurred by MC systems due to the useyaflic prefix are not accounted for in Fig. 2. Hence, these
results represent tight upper bounds on the IR for large musnbf subcarriers. If desired, the losses induced by acpciifix
could be easily accounted for, e.g., to avoid approximation moderate numbers of subcarriers.

In Fig. 2, solid curves show the IR for a 16-QAM SC system, a MGtam with uniform resource allocation employing
16-QAM in all subcarriers (curve labeled “no BL", namelyat¥e to the absence of “bit loading”), and a MC system with
optimized resource allocation transmitting an “averageQ¥oM” over the subcarriers (curve labeled “WF + BL", namely
relative to the use of “water filling” power allocation [3] @®BL). The considered resource allocation algorithm asseyiVF
power spectrum to the subcarriers and determines the BLsely maximizing the total IR for a given number of bits per
OFDM symbol (which corresponds to an average 16-QAM) [5]e Tashed curves in Fig. 2 are descriptive of the IR for
various systems which use high-order QAM with low code rates possible signal shaping to approach a gaussian input (Gl
distribution to the channel. Specifically, the ideal limifsan infinite QAM, namely a square QAM constellation with mifiely
dense points, (denoted as “Inf. QAM”) and a Gl to the channelcnsidered. WF and uniform power (UP) spectrum at the
input of the channel are also considered. Note that if a amifpower spectrum is transmitted, the unit energy normtidina
of the channel response allows us to equivalently interpteas both transmitted and received symbol energy. Howeves fo
non uniform transmitted spectrum this equivalence doesalut andE, denotes the transmitted symbol energy, in agreement
with the general results on water filling which define the sraitted power spectrum that maximizes the IR of a FS AWGN
channel under a transmit power constraint [3].

Considering channed and a reference IR of 3 bits/channel use, corresponding fpiaal 3/4 code rate and 16-QAM,
Fig. 2(a) shows a 6 dB SNR penalty of the MC system with unifoesource allocation, as compared to the SC system (solid
curves). Furthermore, this penalty may increase for higloele rates. However, a slight 0.4 dB SNR gain is obtained by th
MC system with resource allocation, transmitting an avera§-QAM over the subcarriers, with respect to the 16-QAM SC
system. The dashed curves shown in Fig. 2(a) demonstratéhthause of high-order constellations with low code rated an
possible shaping also allows to avoid the SNR loss of MC systend is an alternative to resource allocation (e.g., se8nh
QAM + UP” case). Nonetheless, for any finite QAM constellat{golid curves), a SC system may significantly outperform a
MC system with uniform resource allocation if efficient codg¢es are of interest.

Fig. 2(b) shows the results of a similar analysis carriedarchanneb. This channel has a less harsh frequency response in
comparison with channd, with no in-band spectral nulls. Hence, the difference im plerformance of the various systems is
less evident. Nonetheless, the conclusions are simildéoetbased on chanrelConsidering a reference IR of 3.5 bits/channel
use, corresponding to a typical8 code rate in a 4-dimensional trellis-coded modulation (T)GkRheme employing 16-QAM,
Fig. 2(b) shows a 2.3 dB SNR penalty of the MC system with unifeesource allocation, as compared to the SC system.
An appreciable 1.6 dB SNR gain is obtained by the MC systerh vésource allocation, transmitting an average 16-QAM
over the subcarriers, with respect to the 16-QAM SC systehis @ain is more significant than the slight one obtained for
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Fig. 2. IR versus SNR for various systems - (@); 2, 1)/v/6 channel; (b):(3,2,1)/+/14 channel.

channela. Results similar to those in Fig. 2(a) are also obtained ystesns employing high-order QAM with low code rates
and possible signal shaping.

The conclusions which can be drawn from the considered tlwetihtive channel models represent well the general case.
Specifically, for any given constellation order, the lossadfIC system with uniform resource allocation with respecat8C
system is large for channels exhibiting deep spectral nwiereas it is less evident for channels with well-behaveduency
responses. An investigation reported in [4] demonstrdias this conclusion holds for any item of a number of randomly
generated channels.

IV. CONCLUSION

SC may appreciably outperform MC systems with uniform rese@llocation, for any fixed constellation order. This fimgli
may be viewed as an information-theoretic counterpart @kiown fact that WF and BL schemes are required in MC systems.
It also raises some questions on the efficiency of MC schembsoiadcast applications, such as those defined by thettéates
digital audio and video broadcasting standards (DAB and ByBand more general applications which do not exploit vese
allocation, such as those not relying on a feedback channel.
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