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Abstract—The usual approach when designing an orthogonal partition of sub-channels among multiple users realizesra f
frequency division multiplexing (OFDM) system, is to dimension of multiple access known as orthogonal frequency division
the length of the cyclic prefix (CP) equal to the length of a multiple access (OFDMA) [3].

typical “bad” (i.e., long) channel impulse response, so that both T . t f h tob ti
inter-symbol and inter-carrier interference are avoided for almost 0 maximize system per ormance, r?sourqes ave to e_ opti
all channel realizations. However, such an approach does not Mally allocated. Assuming the use of finite size constelfai
maximize system capacity. It (a) wastes channel resources forthe resource allocation problem in OFDM(A) is also known
relatively short channel impulse response realizations and (b) it as the bit, power, and sub-channel allocation problem [2]-
is not necessarily optimal to completely eliminate interference. [6]. The optimization and adaptation of the CP is usually
In this paper, we study the problem of designing the CP length not considered. Instead. the conventional approach ise

for OFDM systems in a capacity-optimal way. To this end, we N ’ . pproach 1S cau_s
first present optimal and simplified metrics suitable to maximize fixed CP that is longer than the maximum channel duration
capacity. Then, we apply those metrics and propose practical such that neither inter-symbol (ISI) nor inter-carrier IjiC
resource (bit-loading and OFDM sub-channel assignment) algo- interferences occur at the receiver side. However, thiscauh
rithms that include CP-length adaptation. We present numerical is power and bandwidth inefficient. The insertion of the CP

results for the example of a power line communication (PLC) r ir dditional transmission ener nd introd |
OFDM system with typical indoor PLC channels that confirm equires a onal transmission energy a oducesa

the gains achievable with the proposed CP-length adaptation.  iN transmission rate o /(M + ), where M is the number
- L of OFDM sub-channels ang is the CP length in number
Index Terms—Orthogonal frequency division multiplexing

(OFDM), cyclic prefix, resource allocation, bit-loading, power ©Of Samples. Since the channel impulse response realization
line communications. may be different for different links and/or may vary with &#m
adaptation of: to the specific channel realization is beneficial.
Furthermore, the CP length does not necessarily need to be
equal to the channel duration to maximize capacifjhat is,

Orthogonal frequency division multiplexing (OFDM) hasllowing for a controlled amount of ISI and ICI in order to
become the most popular transmission technology for comeduceu, we may overall improve performance. It is therefore
munication over wide band channels that exhibit frequentgasonable to consider the optimization of the CP length.
selectivity. It has been adopted for many wireless, subscri  The case of a CP interval shorter than the channel impulse
line, and power line communications (PLC) systems. The kegsponse has been considered in a number of early and more
feature of OFDM is the orthogonalization of the frequenciecent works on OFDM, cf. e.g. [7] and references therein.
selective channel into parallel sub-channels (each destri Viterbo and Fazel [8] compute the interference power due to
by a scalar gain) through the use of a cyclic prefix (CRhannel echoes exceeding the CP and consider the appticatio
and discrete Fourier transform (DFT) operations [1]. Thusf per sub-channel equalization and coding to mitigate the
simple one-tap equalization per sub-channel can be usée ataffect of interference in a digital terrestrial TV broadoag
receiver, and channel capacity can be approached by mhctietting. Following this work, Seoane et al. [9] provide siau
implementation of the water filling principle using bit andive evidence that interference can well be modeled asiaedit
power loading of OFDM sub-channels [2]. Furthermore, thahite Gaussian noise (AWGN), and study the performance

degradation due to interference using the suburban hilyiSM

Manuscript received August 3, 2009; revised March 27, 2Gk&epted channel model. In [7], the effect of CP length on OFDM
June 14, 2010. ity is studied f b | irel OFDM ¢
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I. INTRODUCTION
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the channel attenuation, and therefore the receiver-gigi@ls complex impulse response
to-noise power ratio (SNR), is taken into account. b

In this paper we _report a Comprehen_swe analysis of the gen(n) = ZO‘P(S(" —p), 1)
CP-length optimization problem. In particular, we conside s
joint CP-length, bit, and sub-channel allocation for sengser o
and multi-user OFDM systems. Since our original motivatiohere{a,} denote the complex channel coefficients afu)
stems from OFDM for PLC, for numerical examples wéS the discrete-time delta pulse. We assume that M,
choose PLC scenarios and consider parameters accordin§@othat the channel is not longer than the useful OFDM
state-of-the-art systems, e.g., the HomePlug AV (HPAV) gymbol duration. However, the channel duration may exceed
Universal Powerline Association (UPA) specifications fa1]the CP length. As a result, at the receiver, after symbol
[13]. Due to the electromagnetic compatibility (EMC) norSynchronization, discarding of the CP, and DFT processing,
mative [14], these systems transmit signals with a constdA€ signal for sub-channéi can be written as
power spectral density (PSD) level in the used frequencgban Y ) (k) (k) (k)
This assumption is also made in this work. Note that, even 200 = HE (a2 (0) + TH(6 ) + W), ()
though PLC transceivers are static, the PLC channel betwegRere (¥)(¢) is the (-th data symbol at sub-channéi,

two nodes is time-varying due to load-impedance variations(¥)(,,) is the effective channel transfer factor for the data
and loads being plugged into or removed from the powgympol, 1*)(¢, ) represents the ISI plus ICI term, and
grld Hence, different channel realizations are eXpeEidnCW(k')(g) is the noise contribution. Note that interference
even for a fixed pair of nodes, and CP-length adaption j$%) (¢ ;) occurs due to a loss of orthogonality wher< v—1
potentially beneficial. This said, we expect significantroiel  and that we made the dependencert) (1) and 1) (¢, ;1)
variations not being frequent with respect to data rated, agn ;, explicit. We can define the sub-channel signal-to-noise-
thus adaptation of the CP length is deemed practicallybé&si p|ys-interference power ratio (SINR) as

The remainder of this paper is organized as follows. After
: ; . . ) ) (k)
introducing the system model in Section II, we first show in () \ _ Py (w)
Section IlI-A that assumin i ' SINR™ () = —7 k ’ @)

g a power spectral density caistr pv(v) + pl( )(u)

at the transmitter side and signaling over a frequency sedec ) )
channel, the achievable rate (capacity) is a function oiGRe where the useful, the m_terference, and the noise powers_term
length. Therefore, the optimal CP length can be determin@f Sub-channet are defined asf({-} denotes the expectation
by maximizing the capacity. We consider other simplifie@Perator)
metrics in Section IlI-B, namely two metrics derived from % k 9 k 9
an upper and a lower capacity bound and a metric based onY )(H) |H( )(“” 5{|a( )(€)| b )
the channel delay spread. Then, in Section I1I-C we proposel,” (1) = E{II® (1, 0)12}, By = (WP (o)1} .
to adapt the CP length by choosing it from a finite set . .
of values. The set of CP values is pre-computed from theT0 evgluate the expressions in (5), we make the usual
statistical analysis of the channel, specifically the asialpf assumption that rectangular windows

the cumulative distribution function (CDF) for the optimal 1 n VN n+

CP length. In Section IV, the joint bit-loading and CP-langt  9(1) = rect (ﬁ) , h(n) = —rrect (- 7 > ;
adaptation problem is addressed. We consider both bitrigad (5)
with distinct constellations and uniform bit-loading (rde:al of length N and M are used as OFDM synthesis and analysis
constellations) on all the sub-channels. In Section V, Wgototype pulses, respectively, wheret(n/M) = 1 for n =
extend the idea of optimizing the CP length to the multiuser ... A7 — 1 and zero otherwise. Then, the cross-talk pulse-

OFDM scenario (OFDMA). In Section VI, we report eXtenSiV%hape between sub-channélsind & can be written as@
numerical results for an HPAV like OFDM system [11] an@enotes convolution)

PLC channels from a statistical channel simulator [15].yThe . _ _

show that significant gains can be obtained by the apprepriat T_Ef;;k)(n) = (g(n)e?™i") @ (h(n)e?™/Em) . (6)
adaptation of the CP length to the channel conditions. Kinal
Section VII concludes this work.

As shown in Appendix A, under the assumption of i.i.d.
zero mean data symbols, the useful signal power and the
interference power are obtained as

Il. SYSTEM MODEL 2

v—1
(k) _ (k) (k.k)

We assume an OFDM scheme (cf. e.g. [2], [6], [16]) with B = B ;aprgh =n)| "
M sub-channels (or tones), and a CP lengthuof N — M (k) k) g (k)
samples, wheréV is the normalized sub-channel symbol pe- BV (w) = Po (0) =Py (k) (8)
riod (OFDM symbol duration in samples) assuming a sampling Ptfff)(u) = &£{2®0)?} 9)
periodT. The normalized sub-carrier frequencies are defined v—1 2
asfy =k/M, fork=0,1,...,M — 1. The OFDM signal is - Z Z p® Z%”E,lﬁk)(q]\] -l
transmitted over a channel that has an equivalent disdreée t 4E€7 i€Kon =0
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where P\ = E{|a®)(£)|?} is the power of the constellationB. Suboptimal Optimization Metrics
in sub-channek and Ko, € {0,...,M — 1} is the set of
indexes associated to the active sub-channels, B¢, > 0
for k € Kon. It follows directly from (7)-(10) that if the
CP is longer than the channel duration, i.g.,> v — 1,
the interference power is null and the useful power ter

We introduce three suboptimal metrics suitable to adjust th
CP length.

1) Capacity Bound Criteria:The first two simplifications
;Rr the optimization of the CP length are obtained by lower
corresponds to the absolute square value of itte DFT and upper pound_ing the (c;;e)xpacity in (10_)' For this purpose, we
output of the channel response multiplied by the power 8FSUME White noise withy,~ = Ry. Details of the derivations
the constellation. Therefore, increasing the CP lengttobey are prowded-ln Appendix B.
the channel length does not increase the SINR since thelN€ capacity can be lower bounded by
interference is zero fop > v — 1.

Mon PU min
C 1 : 12
Ill. OPTIMIZATION OF THE CP LENGTH k
B Mon o (M +p)T 1+ PI( )(,u)
In this section, we present criteria for the optimizatiorthef (M +v)T 82 (M + v)Mon o Pw ’

CP length. Throughout this work, we assume the application
of a PSD mask constraint for the transmitted signal. The P§fere 77, — IKon| is the cardinality ofKen and Py min =

mask determines the set of active OFDM sub-chaniiglg mink’EKon,u{PLSk) (1)}. The corresponding optimal CP length

while the remaining sub-channels are switched off (not):heg given by

in order to fulfill regulations and coexistence norms [13}4]}

[17]. Furthermore, the PSD mask is such that the transmitted |, oorin (M 4+ 1) (MonPw + A1)}, (13)
power is uniformly distributed over the sub-channeldKig, 0<p<v

ie., P*) = P,, Vk € Kon. .
We start with the criterion for capacity-optimal CP lengttwhere Pi(1) = > P (1) denotes the total interference
(Section 1lI-A). Since the evaluation of this criterion sr power. k&Kon

out to be computationally complex, we then propose threeAIthough the bound on capacity is not necessarily tight,

sub-optimal metrics to select the CP length (Section IU-B)netric (13), derived from this bound, yields performanaesel

Furthermore, we propose a method to design a small setiQfinat achieved with the optimal metric (11) as shown by
CP values over which we perform adaptation (Section I1I-Ch,merical results in Section VI.

A capacity upper bound can be found as

A. Channel Capacity Criterion

) < i logy()STNR(w) . (14)

In order to evaluate the impact of the CP length on the (M + p)

system performance we consider the achievable data rate

assuming parallel Gaussian channels. That is, we assuffitere the average SINR
independent and Gaussian distributed input signals, which

renders IS and ICI also Gaussian (see also [9]). Furthesmor SINR(u) =
we stipulate the use of single tap sub-channel equalizatan

no attempt is made to suppress ISI and ICI, which is the very . o
reason for the widespread use of OFDM. Then, the maxinf2#S Peen used. The resulting CP-length criterion is

data rate is e
Hopt = argmax {SINR(M)} . (16)

1 SINR®) (1) \ . . 0L M+
Cp) = ——— 1 14— 2 [bit/s], Sp<v

1
Mon

> SINR® () (15)

k€Kon

(10) The suboptimal criteria (13) and (16) have a computational
gpvantage over (11). First, the computation of the logarith

is avoided. Second, (13) only requires the evaluation of the

]interference power for different values @f instead of the

where I' represents a gap factor accounting for practic
modulation and channel coding [2], [6]. For= 1, C(u) is
the system capacity, and, in slight abuse of notation, werre . )
to the CP design such that (10) is maximized for any givépmPutation of the SINRs as metric (11). When &il sub-

I > 1 as capacity-optimal CP. That is, the capacity-optim& annels are used, metric (13) is simple to compute since the

CP length (in number of samples) is given by total interference power can be evaluated as

v—1
opt — C . 11
Hopt ag;gﬁix{ (1)} (11) ) =NP. S lapl? [M — (0 — 1)Sp 17)
=0
The evaluation of the argument of (11) is computationally ! (M — pS§ )2
demanding because it requires the SINR and a sum-log +(p — 1) Sp—p—1 — J\/;_H_ ],

computation for each CP value. Therefore, lower-compfexit
solutions are desirable. with S; = 1 for ¢ > 0 and zero otherwise.
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2) Delay Spread CriterionThe third simplification that we relate to the average delay spreagh ciass= £{och.cLass}
propose for the adjustment of the CP length is based on thia

evaluation of the root mean square (rms) delay sprgador M(QT@L Ass
a given channel realization:n(n), which is given by [18, pp. Belass = T—>——=== (21)
77-78] Och,CLASS
— — Since p*9%) is defined as function of the class, also
ocn= | > (T ~ mch)Zag/ > ak, 18)  the w:icépﬁiicn? stactorﬂcmss depends on the channel class.
p=0 p=0 Furthermore, since path loss directly translates into SNR,
where b b BcLass is adjusted according to SNR as stipulg/ted when
men =TS pag/z o2 (19) Introducing criterion (20). The computation of tbéﬁ,gmss
= P = P and the correspondingc ass when applying (20) is done off-

o S . line, and the values are stored in a look-up table. However,
Considering that the significant fraction of energy of thg, apply (20) using (21), we need to know the channel class

channel impulse response is captured within:, for some ynger which the system is operating. This could be obtained
£ > 0 [18], the CP length can be adjusted according to through the SNR estimation.

fiopt = Boen/T . (20) We woulq like to empgggz%/s)ize that bqth suggested mgthods,
_ _ _ . _ _i.e., (20) using (21) ang, ;"1 a5, require reliable statistical

This approach is very attractive for its computational sinthannel models being available for the specific application
plicity. In fact, pops = 2[oen/T] ([.] denotes the ceiling example.
operator) has been used in [10] for CP-length adjustment for
IEEE 802.11a OFDM systems. Nevertheless, as it is discussed
in more detail in the next subsection, the factbshould be IV. BIT-LOADING AND CP-LENGTH ADAPTATION
adapted as a function of SNR and thus of the attenuation
introduced by the channel, in order to balance the contdbat
from interference (ISI and ICI) and background noise to t
overall SINR.

In this section we propose two resource allocation pro-
h(‘eedures that combine bit-loading with CP-length adaptatio
according to the criteria previously introduced. The proce
Finally, we point out that instead of computing the dela ures that we congider take into account diﬁergnt practica

anstraints. In the first one we assume that the signal denste

spread of the channel realization, one could compute t 7 h b-ch s but h
duration of the window that captures most, say 95%, of t glions can vary across the sub-channels, but a constra

energy of the channel impulse response. This would yieldfﬁgntSte"aF'oT Sizé |sth(|)nt§|der.ed. In (tjhe second ltljnnglvDeMassubm
metric similar to (20). at a single constellation is used across a sub-

channels (uniform bit-loading). This constraint is oftgmpked
for adaptive modulation with low-rate feedback channels, c
C. Simplified Adaptation of the CP Length e.g. [19], [20].

The adaptation of the CP requires that for each channelin addition to bit-loading, OFDM also enables adaptation
realization the receiver computes the CP length accordingdf the transmit powers for the sub-channels. As we have
one of the criteria above described and feeds back the edlegireviously discussed, we assume to transmit with a constant
value to the transmitter. One attractive possibility tousel PSD level given by the PSD constraint over the active sub-
computational cost and the amount of feedback is to choase tihannelK,,, while the other sub-channels are switched off for
CP length from a small set of pre-determined values. Sevecalexistence purposes. We note that different from conveati
OFDM specifications, e.g., the power line HPAV standard [11bit-loading for the case of an orthogonal system, notchiag h
have opted for such an approach. To determine an appropriateeffect on loading of other sub-channels in the case of CP-
set of CP values, we propose a method based on the evaluakiyth adaptation, since the interference power and theis th
of the CDF of the capacity-optimal CP length according t8INR in those sub-channels changes. Likewise, if the SINR
(12). on a given sub-channel is too low for transmission and this

Considering the PLC channel model from [15] (more detaiksub-channel is switched off, the SINRs on the remaining sub-
follow in Section VI-A), which classifies channels accoglin channels change. A search for which sub-channels should be
to their average path loss, it is found that the optimal C&witched off would be required for optimal bit-loading, whi
length varies relatively little for members of the same glasis infeasible. Therefore, for both non-uniform and unifdoit:
but significantly between members of different classes.cddenloading we present two algorithms which take sub-channel
we propose, for a given channel class, to choose a single vadetivity into account and where the skt, and the SINRs
of CP length for all channel realizations. are updated via two bit-loading iterations. The first altjori

The specific lengths are chosen to be the valug.dbr jointly computes the optimal CP length and bit-loading such
which the CDF of (11) is 99%. We denote these values #sat achievable rate is maximized. The second algorithm
Mﬁ@mss’ i.e., the 99th percentile of the capacity-optimatietermines the CP length using one of the proposed criteria
Hopt (11). introduced in Section Il and then it runs the bit-loading fo

Also the adaptation of in metric (20) can be based on theonly this CP length. Hence, it enjoys a significantly lower
CDF for popt. That is, for each channel class, we propose tmmplexity.
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A. Procedure 1: Different Constellations Algorithm 2.1: The pseudo-code for the first practical

We consider bit-loading with varying signal constella&onalgor'thm rfeads as follows.
across the sub-channels. The available constellatios sie 1) Initialize the sets of used sub-channéign(y,b) C

given by 2", whereb = 1,. .., bmax {0,...,M — 1} for p € {0,....,v — 1} and b €
Algorithm 1.1: The first practical algorithm reads as fol- B= {1’_' : "bmaX}, agcordmg to the transmission mask,
lows. and uniformly distribute the power among these sub-

channels to meet the PSD constraint.
2) forpy=0:v—-1
a) SetKon(i,0) = Kon(p, 1).

1) Initialize the sets of used sub-channdign(n) C
{0,..., M —1} for p € {0,...,v—1} according to the
transmission mask and uniformly distribute the power

among these sub-channels to meet the PSD constraint. b) for beB
2) forp=0:v-1 ') Set Kon(u,b) = Korzgf)h b—1).
a) Compute theSINR ¥ () for k € Kon(y), assum- ) Compute theSINR™ (1, b) for k & Kon(ys, b),
. . assuming the set of used sub-channels
ing the set of active sub-channéig,(x). Kon(j1, b)
. iy ) i on(tt, ).
b) Determine the bit-loading on sub-chanieirom iii) Determine the maximum number of bits that
b (1) = min {c(k) (H);bmax} 7 can be transmitted on sub-chanrieas
" b*) = min {c(k)(u, b), bmax} ,Where
k
wherec®)(u) = | |log, (1 + w) , and SINR® (11, )
||-]| denotes the operation of rounding the number B (1, ) = Hlog2 <1 + F“’) H :
of bits to that associated to the nearest available
constellation towards zero. . )
¢) if (b (u) == 0) for somek € Kon(1) iv) Update the set of active sub-channels
i i Kon(st, ) = {k : b¥) > b}.
Update the set of active sub-channglg,(u), i.e., on\ s =z
Kon(p) = {k : 0¥ (1) > 0}. end
Goto 2a). end
end 3) Compute the optimal CP and the bits associated to the
end optimal constellation to be used as
3) Compute the optimal CP as (Bopts Hopt) = argmax (R(1, D)} .
(by1) €{ 1L, ,brmax } X {0,...,u—1}
1 k) (23)
Hopt = ;f)gma’_(l} M+ p Z 0 () o - (22) where R(u, b) is the bit-rate that can be achieved using
HEE Y k€Kon(1) a CP equal tqu samples and bits per QAM symbol,
ie.,
. L b) =b-|K b)|. 24
Algorithm 1.2: The pseudo-code for the simplified algo- R(p. ) [Kon(p,0)] (24)

rithm reads as follows.

1) Initialize the set of used sub-channel§ c Algorithm 2.2: The pseudo-code for the simplified uniform
on

{0,...,M — 1} according to the transmission masiPitloading algorithm reads as follows.

and uniformly distribute the power among these sub- 1) Initialize the sets of used sub-channelgn(b) <

channels to meet the PSD constraint. {0,...,M —1} for b € B = {1,...,bmax} according

2) Optimize the CP-length according to (11), (13), (16), to the transmission mask, and uniformly distribute the
(20), or via table look-up (cf. Section IlI-C). This step power among these sub-channels to meet the PSD con-
returnsiops - straint.

3) Run steps 2a — 2c of Algorithm 1.1 assumjng- ... ~ 2) OPtimize the CP-length according to (11), (13), (16),

We note that since the SINRs of active sub-channels can iggénc;rlwa table look-up (cf. Section lil-C). This step
only increase when other sub-channels are switched off, onl ) SetK ’('Opt' b) = Kon(b) and run steps 2a and 2b of
one update of the sub-channel SINRs and active sub-channél Al orﬁm’?i for on P
setKon is needed in Algorithms 1.1 and 1.2 (step 2c). Further- 9 ' = Hopt- .

: S . 4) Compute the optimal constellation to be used as
more, Algorithm 1.2 has a significantly lower complexity tha
Algorithm 1.1 because the SINR computation is only required bopt = argmax  {b - |Kon(ftopt,b)|} - (25)
for one value of the CP length. bE{1,....bmax}

Algorithms 2.1 and 2.2 take into account the fact that
the set of sub-channels that are switched off for a certain
constellation (because they cannot sustain the assodited

We now consider an OFDM system with identical constelate) necessarily contains the set of sub-channels that are
lations for all sub-channels. switched off for the constellation of immediately lower erd

B. Procedure 2: Uniform Bit-loading
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Therefore, the algorithms require only to update the set liiear programming (LP) [22]. The solution returned by LP
active sub-channels in the event that more sub-channets nee rounded towards the closest integer. The optimal CP is
to be switched off. Again, Algorithm 2.2, which makes use afbtained via a discrete search fare {0,--- ,v — 1} that
the CP-length criteria from Section Il has considerablydo maximizes the aggregate rateR ().
computational complexity than Algorithm 2.1. Starting from the formulation in (27), a practical bit-ldag
algorithm for OFDMA is given by the following pseudo-code.
V. EXTENSION TOOFDMA Algorithm 3:

In this section, we extend the idea of optimizing the CP 1) Initialize the set of used sub-channelo, C
length to the multiuser context. We assume a network where {0,...,M — 1} according to the transmission mask

a central coordinator (CCo) allocates resources by cafigct and uniformly distribute the power among these sub-
information regarding the network state, i.e., number @fsis channels to meet the PSD constraint.
channel conditions of each user, rate requirement from eact?) Determine a set C {0,---,v — 1} of CP lengths to

user request, etc. Once the CCo has collected all the infor- be considered.
mation needed, it dynamically allocates the resources gmon3) for p € M

the users. We focus on the downlink channel from the CCo to a) For each user, compute the SINRs according to (3).
the Ny users of the network. Multiplexing is accomplished b) Solve (27) using LP.
by partitioning the sub-channels among the users realizing c) Round the coefficients given by LP, i.e,
OFDMA. Since the channels experienced by the users are Bk () = round(a(®*)), to partition the
different, the CCo allocates the sub-channels and subrethan sub-channels among the users.
bits, and adjusts the CP length according to a fair principle d) Load the bits to each user according to
based on maximizing aggregate rate and ensuring that a# use
exceed a minimum rate. bk (1) = min {ﬂ(“”“)(u)c(“”“) (1), bmax} ,
We follow the capacity-optimal approach in Section IlI-A.
In OFDMA the capacity of thé-th sub-channel of user, for foru=1,...,Ny, ke E?Q'Rwhk?re
a certain CP length, is given by k) () = HlOgQ L+ F(u)g :
) SINR(H) () e) If thehredexfifst at bl(eis;t( o)ne sub-c ar&rkethathis
(u,k) _ ; switched off, i.e.p\""*) (u) == 0 V u, do another
e W) (M +p)T 1o (1 " r ) (oIl bit-loading iteration as follows
. (26) i) Define Kopr (1) = {k € Kon : b®*) (1) == 0
where SINR(“M () = —fv_ U and pik) (), Vu=1,..., Ny}

Py P (1)
P‘S{,"k) () , and PI(“”“) (1) respectively are the useful, the
noise and the interference power experienced: ik user in
the k-th sub-channel.
In order to allocate resources to the users, for a given CP
length, the central manager can solve the following optamiz

i) For k € Kopp (1), set3R) (u) =0V u .

iii) Recompute the SINRs and load the bits accord-
ing to d) on the sub-channels that are switched
on.

f) Compute E\wae aggregate network ratB(u) =

1 u,k
tion problem that is obtained by generalizing the formolati (M+)T D w1 DokeKeon b ().
in [21]: end
4) Compute the optimal CP length agip,e =
maXZ Z (w) k) (1), ATGINAX ¢ pq {R(u)}. The final sub-channel allocation
is given by (k) (fopt), foru=1,--- Ny, k € Kop.

— u=1Ek€eKon

) It is worth noting that this algorithm requires only one ugsda
g:{a(“’k), for k € Kon, andu =1, - - - ,NU}, 9 9 9 y ted

of the SINRs and the set of active sub-channels, similar to
U Algorithms 1.1 and 1.2. This is because the set of active sub-
subject to» " al*" =1, k€ Kon channels is defined at the first step, while at the second step
u=1 the SINRs on the remaining sub-channels can only increase
Z oz(“’k)C'(“’k)( ) > ;ﬂ Z (k) ) such that no more sub—.chan_nels can be switcheq _oﬁ. _The
100 choice for M is not obvious in general. One possibility is
full enumeration, i.e.M = {0,1,...,v — 1}, which entails
u=1..,Ny @) relatively high complexity. The criteria from Section llfea
wherea(®*) ¢ {0,1} denotes the binary sub-channel index)ot immediately applicable a7, different channels need to
which is equa' to 1 if sub- Channéj is allocated to uset, be dealt W|th HOWeVer the Slmpllfled adaptatlon V|a table
and zero otherwisey™ is the percentage of the bit-rate thatook-up (cf. Section 1II-C) is perhaps best suited. Nurmric
the u-th user has to achieve with respect to the one that'fsults presented in the next section confirm this suggestio
would achieve in a single user scenario, aA&(u) is the
aggregate network rate. (27) is a binary integer progrargmin VI. NUMERICAL RESULTS AND DISCUSSION
problem. To reduce the problem complexity we consider theln this section, we present and discuss numerical results
relaxed problem for(**) ¢ [0,1], which can be solved by that illustrate the performance of OFDM transmission using

keKon kEKon
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CP-length adaptation and quantify the gains achievablh w
the proposed metrics. We assume a constant transmit P 0f T eanpl) " dasso

mask equal to—50 dBm/Hz in the 2-28 MHz range, and PLO=1G,,(0I° average PL=-6.37dB
zero outside as it is used in the HPAV system [11] t
comply with EMC rules [14]. The AWGN has a PSD of

class 5

—110 dBm/Hz which is typical for indoor PLC scenarios [15]. S0l /average PL=-24.28dB

The considered channel model (for in-home PLC applicajior
is described in detail in Section VI-A. In Section VI-B we firs
report results for CP-length adaptation using the metriasf

Section 1ll. It will be seen that the adaptation of the CP t
the channel realization yields significant improvementshim ~60

system performance. Then, in Section VI-C we show that al e

. . . . class

in the case of bit-loaded OFDM large gains are attained fra -80 avergage PL=-51.250B ]

CP optimization. Finally, results for the multiuser case ai ‘ ‘ ‘ ‘ ‘ ‘ ‘
presented in Section VI-D. 0 ot S

A. Statistical Channel Model Fig. 1. Mean path loss (PL) and sample frequency responsiatais for

. ) the three modeled channel classes.
In-home PLC channels exhibit a relatively large range of

signal attenuation and delay spread. Based on the results ~*
a measurement campaign it has been proposed to categc ;
transmission channels into nine classes [15]. Each class mean RMS-DE=1.176-7
characterized by a specific average frequency dependemt ¢ | RUSTDS std. dev.=3.23¢-8
loss, which has significant impact on the corresponding che
nel capacity. To generate statistically representativenobl
frequency responses according to this classification, weirthe

class 5
mean RMS-DS=3.08e-7
RMS-DS std. dev.=7.65e—

0.8

generalize the model from [23] based on a multipath mod ;5 osl
with a finite number of components (cf. e.g. [24]) and writ é ’
the channel frequency response as
04r
Ny - o f i
Gch(f) - Z (A091 + Alhsz2) ef(’yo+71f )die = P 9 0.2 class 1
ak mean RMS-DS=3.95e-7
0 S f S 37.5 MHZ, (28) RMS-DS std. dev.=4.38e-8
0O 0.1 0.2 0.3 0.4 0.5 0.6

where the number of component, is drawn from a Poisson Ocp [H]

process with average path rate per unit lengjth 0.2 path/m,
g; and h; are two independent uniformly distributed randonfig. 2.  CDF of the rms delay spread (RMS-DS) for the three matlele
variables in [-1,1]. The variablé; models the frequency de- channel classes.
pendent coupling that may exist between lines in the network
The path lengthg; follow an Erlang distribution of parameter
A and indexi. The maximum path length in the network isB. CP-Length Adaptation
set t0 Lyqz, i-€., dn, < Lma,. The speed of propagation in - The OFDM system used/ = 384 sub-channefsin the
the medium isv,. The constant parameters have been chosgns MHz band. To satisfy the PSD mask, 266 sub-channels
to generate three channel classes, denoted Classes 1, 8, and
according to [15], in the frequency band 0-37.5 MHz and thez'l_'his is a quarter of the number of sub-channels used in HPA. &ffect
values are reported in Table I. of different A/ will be addressed in Section VI-C.
Figure 1 shows the average path loss profiles and three
exemplary channel frequency responses for Classes 1, 5, and TABLE |
9. Class 9 channels cause relatively little signal attdamat ~CHANNEL MODEL PARAMETERS FOR CHANNEL CLASSESL, SAND 9.
(the average SNR i83.6 dB), Class 5 channels show medium

. Parameter [unit Class 1 Class 5 Class 9
attenuation (the average SNR3is7 dB), and Class 1 channels [m[] ] 580 >80 130
represent scenarios with strong signal attenuation (tbeage A [path/m] 0.2 0.2 0.2
SNR is 8.8 dB). The lengths of the channel responses are Up[[mlsl]] 020%%4 02081879 023381

(SR ; ; Yo [m~ -0. -0. -0.
truncated to 209 samples, which is aboLii7 ;s and identical S [sm-l]  9.9240e-27 1.9962e-5  2.48756-20
to the CP length used in HPAV [11]. Figure 2 shows the CDF K 29843 0.3654 22005
of the rms delay spread for the three classes. We noticeltbat t fz 0.4039 - 0.3415

o P 0 2.1763e-5 0.0016 0.0108
average values for the rms delay spread indicated in Figure 2 A, 5] 5 61160.8 0 16205

are similar to the ones obtained from measurements in [15].
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(A) (B)
450 b 450+ @ Metric (11): Optimal CP
®  Metric (13): LB Capacity
400t 400} A Metric (16): UB Capacity| 1| Class9
Class 9 O  Metric: p=5.57ps
3501 350 4 Metric: H=BoassOeh |
’ 99%) F
300} a0} B> Metri: =) 1 08
Q ¢ Metric: p=20,, X
8 250t 250} °
= S S Class 9 \L% 0.6 Class 5
= a
G 200t Class 5 2001 O
L L 04r
150 150 Class 5
Class 1
100 100+
0.2
501 Class 1 1 50p Class 1
4
0 ‘ . 0 m&mﬂ 0 . . . . L L
0 2 4 0 2 4 0 0.5 1 15 2 25 3 35 4
1 [us] H [us] u_ [bs]

opt

Fig. 3. CapacityC'(n) as function of the CP length, for different PLC Fig. 4. CDF of capacity-optimal CP length measured for 100 obbn
channels. Markers indicate the CP length obtained from iffierent criteria realizations belonging to Classes 1, 5, and 9.

proposed in Section Ill. Subplots (A) and (B) show the resfdir the best

case and the worst case channel impulse responses, resjyectiv

Next, we consider a set of 100 channel realizations. Figure 4

, _shows the measured CDF of the capacity-optimal CP length

are active and the syb-_channels at the band_ edge; are S’W"[%H,‘ncording to (11). We notice that for Class 9, the optimal CP
off. The SNR gadl’ is fixed FO 9 dB for all SImyIatlons. is shorter thar0.93 us (or 35 samples) in 99% of the cases.
Figure 3 shows the capacity(x) (10) as function of the CP s \ajye increases t73 us (or 65 samples) for the channel

length for different channel realizations that are repnesteve, 5o 5, and t.93 us (or 110 samples) for the channel class 1.
in terms of capacity, of the best (subplot A) and of the WOrst o nce we sep(ggﬁ’) — 35 for Class 9 channelqu(gg%) — 65
(subplot B) realization of each channel class (selecteth fro ’ opt,9 rmggg%) opt,5

a total of 100 realizations for each class). We also repdff c1ass 5 channels, and,,;;" = 110 for Class 1 channels.
with markers the CP lengths and the corresponding capacilfﬁg tg?;;%r:’ 1S|rgcea;f:je 9ay:rrae%e égs éjlelaey Sgﬁgd{fgf& 1.50
obtained with the criteria proposed in Section Ill. We obser 44.42 ,I ' bl . hp IVI' y equ A
that, althoughSINR (1) monotonically increases with, the gn —45.46552::5;3,—\/\/7(3902 tgglérgiﬁcign?u?ggf)ﬂw 741,
capacity C() atiains its maximL_lm Aopy, < max{p) = .5r§;ve.n ihose E;Ja_lrar.nefers Figu?es 5 6 and 7 provide a
209 samples. Furthermore, the higher the channel attenuatlé)omparison of the various éP—Iength criteria from Section |
(ther.ef(_)re the Iow_e rthe_SNR) th? h!gher th? valuegy, that We also include the capacity obtained setting the CP I.en th
maximizes capacity. This behavior is explained by the faat t pacity 9 g

for high SNR the performance is dominated by interferencggual t95'57“8' As we can see, for_all_ ghannel_classes, the
whose mitigation requires a relatively long CP. Thereftine, adaptation of the CP length yields significant gains compare
x| fixed CP length 03.57 us. For channel classes 1, 5, and 9,

capacity gains from CP shortening are expected to be md ) ) . :
capacity-optimal CP (11) respectively increases teesme
g

pronounced in the low SNR region, when the system is noi R d
limited. Metrics (13) and (16) based on capacity bounds gi ver the 100 channel realizations) achievable rate by%20.7
32.9%, and 39.3%. Very similar results are obtained when

results that are very similar to those achieved with thenogli

metric. Also the adaptation based on the simplified approalfind lower (20.5%, 31.3%, and 32.0%) and upper (20.7%,
99%) 27.6%, and 32.2%) capacity bound criteria. The delay-spbrea

described in Section I11-C that us erforms close = .°7° ;
jbed | : . ﬁéP“CLASS P (Gsiterion (20) increases the rate by 16.6%, 18.3%, and 33.0%

to optimum. In this case, we used fixed values for the R . . (99%) i
length as derived below. Notably, the simplified adaptation with, ;' Ags results in

When adaptation to the channel class is performed using gg%se-to-optmal—rate gains of 20.2%, 30.7%, and 38.6% for

delay spread criterion (20), we observe that choosing a fix three channel cIass_es.

value of 5 as it was advocated in [10] results in a consistentl We note that the gains depend_ on the number Qf OFDM

poor performance. The suggested adaptation accordingjo (%ub—channels usedi for da_ta transmission. More spec!f,lcthéy

(the specific values fof are given below) leads to significant argerM the lower 1S the impact Of.the CP length. This aspect

performance improvements. In particular, the achievahte rWIII be addressed in the next section.

is close to the optimal one except for the best-case impulse

response for Class 9, which is due to the rather steep sh&peCP-Length Adaptation and Bit-Loading

of the rate curve in this case. We now turn our attention to the combination of CP-
Finally, a comparison of the results in Figures 3(A) and (Bgngth adaptation with bit-loading. In addition to the ®yst

reveals that the optimal CP length is a function of both thgarameters specified above, we consider different number of

channel class and the specific channel impulse response. OFDM sub-channels, namely/ € {384,768,1536} in the
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O  Metric (11): Optimal CP O  Metric (11): Optimal CP
261 ®  Metric (13): LB Capacity - 4807 ®  Metric (13): LB Capacity |
A Metric (16): UB Capacity A Metric (16): UB Capacity
24r O  Metric: p=5.57ps o Metr!c: u=5.57ps
2l +  Metric: y=p,0 | 400 - + Metric: p=B,0 —
) i1y, (99%)
— P> Metric: p:pgiof) _ P> Metric: u—pnpt’;
2 20t B ' i 7 *
5 3 ss0f [ : . 1
S o 1 s B » B ®
g o ® + & B < B+ e
5 18 3 1 3 | =
© © 300t ° ]
o o o [ ’
14 o (o) o 4 [ ]
3 » ® o o
12 o ° ¢ 1 250 ry o 1
o o )
10 4 o o [e) °
° o
gl L L L L L 200 L— L L I L L
40 42 44 46 48 50 40 42 44 46 48 50
channel realization channel realization

Fig. 5. CapacityC'(u) for p optimized according to the different criteria Fig. 7.  CapacityC'(x) for p optimized according to the different criteria
presented in Section Il as function of the channel redbrabelonging to presented in Section Ill as function of the channel reatimabelonging to
Class 1. For the sake of readability, only realizations 46Qare shown out Class 9. For the sake of readability, only realizations 46Qare shown out

of 100 realizations. of 100 realizations.
Class 5
240f O  Metric (11): Optimal CP - 300
®  Metric (13): LB Capacity
220 A Metric (16): UB Capacity |
O  Metric: p=5.57us 250
+ Metric: “:ﬁscch
200 L (99%) 1
- P Metric: H=toos 200
= A8 2
3 180 k g > 1 s
~ B =) -
::.% ; o 150 - / |
2 | | = -
O 160 ; g B ; x + Class 5
B
+
140} + ° B ° i 100+ i
+ o o
+
wf g 0 4 ) o o sol Class 1\5\ 1
L . . Q . . === === ——9 ‘
40 42 44 46 48 50 384 768 1536
channel realization M

Fig. 6. CapacityC'(u) for p optimized according to the different criteria Fig. 8. CapacityC/(y) for bit loading with Algorithm 1.2 of Section IV-A

presented in Section Il as function of the channel redtirabelonging to  and ;, optimized according to the capacity-optimal criterion (1hylahree

Class 5. For the sake of readability, only realizations 48Qcare shown out gifferent numbers of OFDM sub-channeld € {384,768,1536}. For a

of 100 realizations. comparison,C(p) for bit loading andy = 209 (corresponding t&.57 1is)
is also included. The channels employed are the BeC chanhéfe dhree
used classes.

0-37.5 MHz band. The number of used tones such that the
PSD mask is met, follows a&/,, € {266,532,1065}, which
definesK,, at the initial step of bit-loading. The constellationgvith // = 384 and between about 4 Mbit/s and 25 Mbit/s
employed ar@-PAM and {4, 8, 16, 64, 256, 1024}-QAM, and With M = 1536, which translates into significant relative rate
we consider the best case (BeC) channel realizations for iRgprovements of between 6% and 39%. The smaller gains for
three considered classes (cf. Figure 3(A)). The baselif@NDF larger M are due to a reduced impact of the CP length on data
system uses a fixed CP length 67 us. rate. It is also interesting to note that the rate fér= 384 and

1) Allocation of Different ConstellationsFigure 8 shows CP-length adaptation is the same or higher than the rate for
the data rate achieved with Algorithm 1.2 as function of th&/ = 1536 and u = 5.57us. Therefore, CP-length adaptation
number of OFDM sub-channelsl for the BeC channels. Foris a suitable way of lowering the implementation complexity
brevity, we assume CP optimization only using the capacity terms of DFT size of an OFDM system without sacrificing
optimal criterion (11). However, we note that very similafata rate.
results are obtained with the simplified CP metrics (13)) (16 2) Uniform Bit-loading: Figure 9 shows the bit rat&(u, b)
and (20), as we have seen in the previous section. We obsdi24) as function of the CP length and the constellation used
that data rate gains range between 4 Mbit/s and 70 Mbiff® an OFDM system with 384 sub-channels. The employed
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Fig. 9. BitrateR(u,b) from (24) as function of CP length and constellation Fig. 10. Aggregate and single user rate using bit-loading &snction of

size 2% for uniform bit-loading. Markers are results from Algoritis 2.1 the CP length. The OFDMA system haé; = 4 users andM = 384

and 2.2 from Section IV-B. The BeC channel of Class 5 is assumikd sub-channels. The users experience channels belongintdfécedt classes.

system uses 384 sub-channels. Markers are results from Algorithm 3 from Section V with éifént sets of
CP length M.

channel is the BeC channel of Class 5. In this example, we

restrict the possible QAM constellations toe {1,2,4,6} M = {0,1,...,v — 1}. Remarkably, almost the full gain

bits per constellation point. As we can see in Figure 9, th{86%) is retained ifM = {ugﬁ%),ugﬁ?,ugﬁ@} is used,

jointly optimized CP length and constellation size obtdinewhich is a promising result towards devising low-complexit

with Algorithm 2.1 arep,, = 55 and b,y = 4, for which resource allocation algorithms for OFDMA with CP adaption.

a considerably enhanced rate relative to the standard ehoic

of a CP equal to the channel length is achieved. The gain

obtained with Algorithm 2.1 equals 36%. The bit rate obtdine

with Algorithm 2.2 and a CP length computed using the VII. CONCLUSION

optimal metric (11) and via table look-up (cf. Section 11)-C

is essentially equal and very close, respectively, to thahf  In this paper, we have investigated the problem of CP-length

Algorithm 2.1. This is quite remarkable and renders the lovedaptation in OFDM(A) transmission systems. We have argued

complexity Algorithm 2.2, as well as Algorithm 1.2, attriwet that the use of a CP length adjusted to the current transmissi

solutions for practical implementations. Finally, comipgr conditions is beneficial in terms of achievable data ratee Th

the performance of Algorithm 2.2 in Figure 9 with that olunderlying rationale is that the level of self-interferencan

Algorithm 1.2 in Figure 8, we observe that uniform bit-loagli be raised in noise-limited systems. We have considered con-

provides lower bit rate than full bit-loading. strained capacity as the pertinent figure of merit, and sstgde

a number of related, simplified criteria to select the CP tleng

. . Furthermore, we have presented four practical single-piser

D. CP-Length Adaptation and Resource Allocation IIIﬁbading algorithms that take into account the CP optimarati

OFDMA and we have outlined extensions to the multiuser transamissi
Finally, we consider OFDMA for a network ofN; = scenario using OFDMA. Numerical results for typical indoor

4 users with a proportionally fair resource allocation,,i.epower line channels have shown significant gains due to CP-

p(*) = 25 for all users, andV/ = 384. Four different channel length adaptation. These gains come from (i) adjusting the

realizations belonging to the three channel classes prexberCP length according to the instantanenous channel impulse

in Section VI-A are used for the four users. The other systerasponse and (ii) allowing for a controlled amount of self-

parameters are the same as for the single user scenariéntarference using the proposed optimization criteria.

Section VI-C. We have applied Algorithm 3 for sub-channel

allocation, bit-loading, and CP-length selection. Figu@

shows the per-user and the aggregate data rate as function APPENDIXA

of the CP length. It can be seen that the rate-maximizing CP DERIVATION OF USEFUL AND INTERFERENCEPOWER

length for the multiuser OFDMA scenario is markedly differ-

ent from the default CP length of 5.5/&. For the presented In this appendix, we derive the expressions in (7)-(10).

scenario, the maximal gain in aggregate rate due CP adaptafio this end, we consider the received signal in thé¢h

compared to a fixed CP of length 5,57 is 44%, which has sub-channelz(*)(¢) in (2) for the case of zero noise, i.e.,

been obtained using Algorithm 3 with full enumeration ofV'(*)(¢) = 0. Considering OFDM as a DFT modulated filter
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bank [6], [16] and the channel model (1) we obtain Defining Pymin = minkeKm#{PL(,k)( )} and thus
% tom (PPG)/A) = om, (Fome/Fa) =
k i €Kon
(=322 > aa”(mg(n—p—mN) Morlog, (Pomin/ Par), (35) can further be bounded by

neZ meZ p=0 i€Kon

% ﬁ(_glN _ n)ej27rfi(nfp)e*j27rfkn (29) C(‘u) m ]Og2 (PU m|n/PW)
i k
=330 > aam) S gy (L L PP
p=0 mEZi€Kon M +v) keK 2 M+v Py '
X Tézhk (N —mN — p)e?fimNe=i2nfitN = (30) (36)

where the Window functiong(n) andh(n) and the cross-talk Finally, applying Jensen's inequality [26] to the seconarnte
pulse- shape ( ) between sub-channelsandk are defined of (36), we obtain the final result (12). It should be noted
in (5) and (6) respectively. Making the usual assumptiat ththat the bound is not necessarily tight as an arbitrary facto
data symbols in different sub-channels and OFDM frames de> M +v could have been introduced in (32). However, the
independent with zero mean and ttig(¥) (m)[a® (n)]*} = resulting criterion is independent of this factor and thispa

P(Sk)d(i—k‘)é(n—m), the total signal power can be expresseﬁpp“es toF' producing the tightest possible approximation.
The application of the inequalityg, (z) < (z—1)log,(e),

as
o Vo € R*, b> 1, to C(u) in (10) leads to the capacity upper
— — N . bound
B! () = E{1zP@OPY =373 > PPy .
p=0 p'=0 g€Z i€Kon C(n) € m———=logy(e) > SINRM(n),  (37)
(z k) (i,k) N DM+ )T k€K,
X1 (gN — )[Tgﬁ (qN—p)} : (31) o

which, considering (15) is the result in (14).

which has been used in (10). The useful signal power is the
component of (31) for whichy = ¢ —m = 0 and k = 1,

which is the expression in (7). The remaining terms are the
interference power as stated in (8). (1]

(2]
(3]

APPENDIXB
CAPACITY BOUND CRITERIA

In this appendix, we provide the details for the derivatién o
the capacity lower and upper bounds used in Section IlI-E. Thi*
lower bound is obtained by the application of the Bernoullis)
inequality [25](1 +2)" > 1+ rz, for r > 1 andz > 0, to
the capacity formula (10), which results in

<1 | SINR (u))

C(p) (7]

1
N N W
(M + )T D log, T

k€Kon

(32) g
(M + v)SINR™ (1)

k;(; log2< (3 1 T (33) [0
1 (M + v)SINR™ () [10]

> G 2 ( (M + )T 59
(k) [11]

()
M+1/ Zlg?( M) [12]
k€eKon

(13]

> log

k€Kon

14
M—|-V .

(39)
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