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Abstract—We consider the problem of the joint allocation of As stated above, for a certain CP, the system can be viewed
power and cyclic prefix (CP) duration to maximize the system as a Gaussian interference channel withtotal interferers.
capacity in orthogonal frequency division multiplexing (OFDM). gt cross-talk ICI and ISI are present in the system. To the
A closed form solution to the problem does not exist and the , . .
exhaustive search of the optimal values is practically unfeasible. aluthorsl knowledge the capacn_y of an mterference. channel
Therefore, we propose a sub-optimal iterative power allocation €ither with a total power constraint or a PSD constraint is no
algorithm jointly with the CP adaptation to see whether capacity known [6], [14]. If we assume Gaussian distributed inputs,
improvements can be obtained w.r.t. the conventional choice of and we assume joint coding and decoding, the capacity of
a uniform power distribution and a predetermined long CP  tho gystem with a total power constraint is achieved with an
value. Numerical results show that via power and CP adaptation . . . . . o
significant improvements can be obtained. mput'covarlar.\ce matrlx that is obtaln(_ad from the wateinfjl .

algorithm derived in [15] for a Gaussian vector channel with
|. INTRODUCTION crosstalks. However, if we do not assume joint coding and

decoding over the set af/ sub-channels there is no closed

OFD_M Is one of the r_nost popular mpdu_lann techniques f3rm solution to the power allocation problem (note that in
both wireless [1] and wireline communication systems [, [ s case the input covariance is diagonal). In this case the

As it is well known, if OFDM deploys a CP longer than thgie ference exhibited by each sub-channel is treated &g no
_channel dura_tlon, the received signal \_N'" be nel_the_r adigdy by the sub-channel decoder and the mutual in-out informatio
inter-symbol interference (ISI) nor by mte_r-_carrler |lfm_fence _is not convex as a function of the vector of input powers.
(ICI) [4]. In such a case, assuming additive Gaussian nOiSgerefore, the optimal input power distribution has to be
the system input-output mutual information with a total BOW yiained via an exhaustive search, which is clearly uribisi

const@nt IS maX|m|z_ed by Gauss!a_n Input §|gnals whoseWe point out that a large literature exists about similat, bu
power is computed with the water-filling algorithm [S], [6]'n0t identical, problems in digital subscriber lines (DSL).

However, the system capacity can be increz_ised V_Vith the usags | up to 100 subscriber lines can be bundled together to
of a CP shorter than the channel duration since the (B, 2 DsL binder [16]. Each subscriber deploys discrete
introduces a loss in transmission rate by a fadf(M + 1), myti-tone (DMT) modulation over a frequency spectrum
where M and 1 respectively denote the number of subgqmon 1o all the subscribers, thus causing crosstalk-inter
phannels and the CF,) length in samples. Th|s has been Sh%‘f’énce. A class of algorithms that deals with the crosstalk
In a number _Of Previous papers that consider both PLC a&%ues are known as spectrum management techniques. In [17]
wireless application scenarios ( cfr., e.g., [7]-{13]). the authors consider the centralized spectrum management
When the CP is shorter than the channe.l du.ratlon, tt&?oblem, and they find an achievable rate region for Aae
OFDM system can be modeled as a Gaussian interferenge, s \veighted sum rate. The weighted sum-rate optimizatio

channel. In our previou_s work [11] we have conside_red_sin_gb%mem is split into M sub-problems, where each sub-
tap sub-channel equalization and uniform power distrdsuti problem considers the weighted sum rate in a given sub-

across the sub-channels. Then, we have evaluated the §apajanne| across thaV;; users. Thus, considering the use of
improvements via adaptation of the CP to the channel realiza quantized power levels, each sub-problem is solved by

tion. Furthermore, in [12] we have proposed two bit-Ioadingoing an exhaustive search for thé, power levels to be

algorithms combined with CP length allocation. Althoughyiocated to a certain sub-channel. The algorithm redutes t
uniform power allocation at a certain level is simple andwa# computational complexity from an order Gf(Af Ny LMNv)

to fquiII a power s.pectral .density (PSD) mask requirerr_l_emt fqg O(MNy LNv33Nv). Unfortunately, this algorithm is not
coexistence, it is interesting from a research perspetive- 5 jicaple in our context because we deal withinterfering

vestigate whether further capacity improvements areréttéé g, channels and thus the complexity still remains expislen
with a non-uniform power allocation. in M

In [16], [18] the interference channel is viewed as a
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is assumed). In such a case it has been shown that a Naslerea, denote the complex channel coefficients, afwl) =
equilibrium can be reached and it corresponds to a set loff n = 0 and zero otherwise.
competitively optimal power levels. Furthermore, it hagme The signal received in thg-th sub-channel can be written
shown that under certain conditions, the equilibrium can laes
achieved using an iterative water-filling (IWF) algorithmherl ) ®
conditions for the convergence of this algorithm have beer'™ (¢) = \/ Pu™ (1)a™ () H™ () + 1) (£, ) + n™®) (0).
derived in [16] for the two-user case, and in [18] for a gehera (3)
multi-user case. It is worth noting that the IWF presented ¥Yhere, with H(*) (1) we denote the amplitude of the data of
[16], [18] renders convex the sum rate optimization problgm interest, whereas, witti*) (¢, 1) andn*)(¢) we respectively
splitting it into N convex sub-problems. Once this has beeienote the interference (ISI plus ICl) and the noise term in
done, water-filling is applied to each user until convergengub-channek. As it is well known, if the CP is longer than the
is reached. Also this algorithm is not directly applicabte tchannel impulse response, the system will be orthogondl suc
our context because it uses a constraint on the total uéeat the received symbol will not be affected by interfeeenc
power. Therefore, if we treat ol/ sub-channels as interfering[7]-
users, the power constraint becomes a PSD constraint. The
application of the algorithm in [16], [18] would yield thewial
solution of a constant power distribution at the PSD level. ~When the CP is shorter than the channel duration, ISI
Inspired by the above results, we consider the problem @fd IClI components arise. Thus, as (3) shows, the OFDM
the joint allocation of power and CP duration to maximiz&Yystem transmits data over a vector interference chaneel, i
the system capacity. As stated, a closed form solution to thé parallel sub-channels affected by ISI and crosstalks. The
problem does not exist and the exhaustive search of the abtirfystem capacity with a total power constraint, Gaussiar- add
values is practically unfeasible. Therefore, we proposala s tive noise, Gaussian input signals, and assuming optiniratl jo
optimal iterative power allocation algorithm jointly witthe detection can be computed adapting the formulation in [15].
CP adaptation to see whether capacity improvements can'Mg are, however, interested in computing the system capacit
obtained w.r.t. the conventional choice of a uniform powdtder the assumption of independent Gaussian distributed
distribution and a predetermined long CP value that fulljpPut signals and using single tap sub-channel equalizatio
equalizes the channel. I.e., we treat as noise the interference. Therefore, thaaigp

The paper is organized as follows. In Section Il we derivié Obtained by maximizing the input-output mutual inforfoat
the System model. Then’ in Section |||’ we formulate th@ver the CP |ength and power distribution. To this end, we can

joint power and CP optimization problem. In Section Ivformulate the following optimization problem
we propose iterative power allocation algorithms to sohe t

IIl. PROBLEM FORMULATION

previous problem, and in Section V, we present the numerical max () 4)
results. Finally, in Section VI, we derive the conclusions. 1,Pa (1) ’
Il. SYSTEM MODEL st. Y PM(u)=P,
We consider a single user OFDM system. We denote with k€Kon
a®)(0), k={0,...,M — 1}, £ € 7Z the M data symbols that PM (1) >0, k € Kon,
are transmitted at time instahtind that have unit-power. Each 0<pu< Lep.

data block is transformed using aw-point inverse discrete ) _ )
Fourier transform (IDFT). Then, we insert a guard interval i!N (4), C (1) represents the system capacity. It is defined as:

the form of a cyclic prefix that equals the lasiDFT output 1 *)
coefficients. Therefore, the discrete-time OFDM signallban ~ C(1t) = (M + )T > log (1 +SINR (“)) 9
written as keKon
o E(n—p) where
z(n+N) = > /PP ()a®(0)e 5 (1) PO (P ()2
P SINE® (g — PO ©

7Y+ PP ()

. Furthermore,I" represents the sampling period, aad 1) =
whereK,,, C {0,---, M — 1} is the set of used sub-channels, L;D(k) 'tfk pK is th p; g pf Ith i " itted
N =M+ p, and Pék)(u) denotes the transmitted power on{ a (), wi € O”} 'S the vector ot the fransmitte

sub-channek. As it will be clear in the following, the sub- powers. In (6),P|(k)(u) and P,gk) respectively denote the

n=0,-,N-1,

channel power is a function of the CP length interference and the noise power terms on sub-chaknel
The signal is transmitted over a channel with equivaleltetails on their computation can be found in [11]. An SNR gap
discrete time channel impulse response given by can also be included to take into account the use of modulatio
Lep—1 and coding schemes [5].
gen(n) = Z a,0(n —p), 2) Since the equivalent interference plus noise term, i.e.,

=0 Pe(é“) () = Pl(k)(,u) + Pék), relies on both the vector of the



transmitted powers and the CP length, in general, problgm Where, the first and the second conditions represent the
is neither convex inu nor in P, (). constraints on the transmitted power, and the third imposes
A solution to (4) could be found doing and exhaustivéhe lagrangian multipliers associated with the inequatitype
search on bothuw and P, (1). However, the exhaustive searctnon negative. The fourth condition is the so called slacknes
in P, (1) is practically unfeasible. This is true even supposingondition, it |mpl|es that if P\¥ (1) > 0 then v, = 0.
to quantize the sub-channel power in a finite numbeof Viceversa, if 2\’ (1) = 0 theny, > 0. The last condition has
levels. In fact, for eactn the exhaustive search would have §een obtained computing the gradient of (7) \,\,]paifC ) and
complexity O(L"). setting it equal to zero.

IV. SUB-OPTIMAL POWER ALLOCATION It is easy to show that the solution to (9) is given by

If we treat the interference as noise not affected by thetinpu

_ *) L=
power distribution, conventional power allocation saus for () () = A— % it X > P () /| H® ()2,
Gaussian parallel channels can be applied. This is because” 0 it X < qu (M)/|H(k)(u)\

for a certain value ofu, problem (4) becomes convex and (10)
its solution corresponds to the water-filling power disttibn | .,

[6]. Besides water-filling (referred to as true water filljnge =1/ (ANTIn(2)), (11)

can also apply the constant power water-filling proposed by
Chow [22], and uniform power allocation at a certain level aand
specified by a PSD constraint. Kol plk ) -1
These three algorithms are clearly sub-optimal in our con- A= on (P + Z ZZ ) . (12
text but an improvement can be found if we apply water filling NTin(2 keKon |H
in an iterative fashion. Before describing in detail thegmsed | (12), |K,y| indicates the cardinality dKo,,.

iterative wate_r filling algorithm, we briefly recall the basi Equation (10) is the water-filing power distribution. This
power allocation strategies. is because if we think to the inverse of the SNRs across sub-
A. True Water-Filling channels P (1) /|H™ (1)|2) as a bowl, then we can think
such a bowl with water (represented by the powers
1)) to a certain constant level.

We refer to the solution (10) as true water-filling. This is

Let us fix i, then the Lagrangian associated to the pnmi pour
problem (4) is

L(Py(p), N\ v) = to distinguish (10) from the following constant power water
k filling algorithm.
S LY g, (14 PEGIEO P 79
NT £ 62 PP (n) B. Constant Power Water-Filling
e e

o When the SNR is high, the sum-log in (5) weakly depends
A Z P _ Z veP¥) (). (7) on the optimal power distribution. This observation has al-

= kKo, ' lowed Chow [22] to empirically show that a uniform power

distribution has negligible loss w.r.t. true water-fillinghere

uniform power distribution means to uniformly distributeet

g\, v) = inf L(Pa(p),\,v). (8) overall power (see second line of (4)) to the sub-channels
Pa(n) where true water-filling allocates positive power, i.e.,

Consequently, we can define the dual problem as

Now, observing that under the hypothesis of an interference = v (k) B) (12
plus noise term independent from the transmitted power, thep(k) () P/Kon| if iz Peg’ () /|H® ()2, 13)
primal (4) is convex, it is easy to show that the primal and 0 it X< PE () /| H® ()2,

the dual optimal solutions, nameRj, (1) and (\*,v*) can be _ * _
obtained satisfacting the Karush-Kuhn-Tucker conditigig, Wwith K,,, = {k PN > Py (M)/\H(k)(ﬂ)\Q}a and\ given by

ie., (11).
pék)(u) >0, k€K, C. Power Allocation with Constraint on the PSD
Z P(k)(u) _P-0 Another more simple algorithm consists in uniformly dis-
kEK., ¢ tributing the total power over the set of active sub-chasnel
K,,. For instance, with a PSD constraint we can allocate
Vg > Oa ke Korm

©) to each active sub-channel a power equal to the PSD level.
*) State-of-the-art broadband PLC (BPLC) systems transmit at
—vp Py (1) = 0, k € Kop, a constant PSD level equal to -@®Bm/Hz over the 0-37.5
|H®) ()2 MHz band [3], [19], [20] and some tones are switched off
(k) (k) k) (1)]2 according to a fixed notching mask. This power allocation
NTn(2) (Peq (1) + Pa™ () H (p)] ) allows BPLC devices to be compliant with the EN 55022

A=k — =0.



standard [23]. It is interesting to note that with a PSD In [11] we used metric (15) to show that the CP length
constraint the uniform and constant power distributionhat t that maximizes capacity is shorter than the channel duratio
PSD level is optimal only in the absence of interference cWwhi Furthermore, we showed that the adaptation of the CP to
can be easily proved by observing that in the absence thE channel realization can significantly improve the syste
interference capacity is maximized by wasting all ava#ablcapacity w.r.t. the conventional choice of using a CP as long

power on each sub-channel. as the channel duration.
To simplify the complexity given by the exhaustive search
D. lterative Water-Filling done over the values ¢f in (14) or in (15), we could use one
The iterative power allocation algorithm that we propose [§ the sub-optimal metrics presented in [11], [13]. Therefo
described by the pseudo-code below we could first compute the sub-optimal CP length and then
' run IWF.

1) Set the number of maximum iteration§;.
Setiteration = 0. V. NUMERICAL RESULTS
Initialize K,, equal to the set of active sub-channelg channel Model

given by thg power spectral density mask cons_,tramt. We consider the statistical PLC channel model presented
Uniformly distribute the power across the active sub-

channels at a powePs, given by the PSD constraint in [24], W_hich is representative of indoor PLC chann_els.
e, P(k)(u iteration) — P, with k € K, . "It synthesaes the channel frequenc_y response according to
Co;npaute theSINR(’” (1, iteration) with f{é) a multipath model (cf. e.g. [25]) with a finite number of
Compute the capacit’ (;;,iteration) with (5'). components. The frequency response can be written as
2) for iteration =1,..., Ny Ny —(otrs £ i (s )
a) Run true water-filling (10) or constant powerwaterGCh(f) =A29ie Tt Gem I 0 < f < 1/T,
filling (13). It gives backP.") (u, iteration) with =t (16)
k € Kon. UpdateK,, according to the set of active where the number of componem, is drawn from a Poisson
sub-channels computed with one of the wateprocess with average path rate per unit length= 0.2

filling algorithms. path/m. The maximal network length is fixed By, = 800
Compute theSTN R™ (u, iteration) with (6). m. Thus, the interarrival delays, follow an exponential
Compute the capacity’(y, iteration) with (5).  distribution with expected valud—!. The reflection factorg;

b) if C(u, iteration) < C(u, iteration — 1) are considered to be uniformly distributed/inl, 1]. The other
Setitope = iteration — 1. parameters in (16) have been chosen to fit channel responses
Setiteration = N. from measurement results as follows= 1, v = 0.3 - 1072,
end 1 = 4-107% v, = 2-10% m/s. The channel impulse

end response (2) can be obtained in closed form by computing
3) SetP; (1) = Pa(p, itopt). the inverse Fourier transform of (16) when= 1 as shown in
SetC* () = C,itopt)- [24]. The maximum channel length i5.,7 = 5.57 pus (209

It is worth noting that the algorithm stops if the maximunf@mples withT" = 1/37.5 us), which is very similar to the
number of iterations or a local maximum is reached. HowevérP length used in HPAV [3]. The coefficient is adjusted in
numerical results show that usually the algorithm coneige SUch way that the average path loss (PL) at zero frequency
less than ten steps. This result agrees with the one obtaine§duals{30, 50, 70} dB.

[16] where IWF is u.sed to deal with the crosstalk interferengg System Parameters
typical of DSL multiple access channel. .
L We assume a sampling frequency of 37&H z and trans-

Now we come back to the initial problem (4). In order to_.. . .
jointly compute the optimal CP and the power distributio mit in the 2-28 M H> band as it is done by state-of-the-art
J "broadband PLC systems. The number of OFDM sub-channels

we can run the IWF for different values of CP length, and WE s 384 a quarter of the sub-channels used in HPAV [3]
can choose the optimal CP length as the value that maximize%hen t’he power constraint is imposed on the transmittled

capacity, 1.e., signal PSD, we consider a PSD mask of &5®m/Hz in 2-28
fopt =  argmax  {C*(u)}. (14) M Hz. Whereas, when the constraint corresponds to the total
p€{0,....Lep—1} transmitted power, we sét equal to the integral of the PSD

h . h ; ¢ r(]Jver the band 2-28/H .
In the next section we compare the performance of t €We assume white Gaussian noise with a PSD of -140

proposed algorithm with that obtained adapting the CP mn%Bm/Hz which is typical for indoor PLC scenarios. We
but uniformly allocating the power according to acertairDDSSet the éNR gap to 9B. Since the channel introduces a

constraint. In this case the optimal CP is obtained as path loss, with the parameters that we have assumed and
fopt,psp = argmax  {C(u,0)}. (15) taking _|nto account the SNR gap, we obtain three chan_nel
1€{0,,Lop—1} scenarios that for a constant transmit PSD are charaaterize



by an average SNR (averaged across the sub-channels) e
to {46.6,26.6,6.6} dB. In the following we use the term SNR
to indicate the average SNR.

C. Baseline System

In order to see whether capacity improvements can
obtained with the proposed joint CP and power allocatic
algorithms, we define a baseline system. It uses a const
CP duration of 5.57us for all channel realizations, and it
transmits in each sub-channel a signal whose power is defir
by the PSD level of -5QIBm/H z.

D. Smulation Results

We run simulations for 100 channel realizations and f
the three SNR cases. Fig. 1 shows the capacity obtair
using the baseline system, the capacity obtained with-itel
tive true water-filling and with constant power water-figin

Furthermore, we show the capacity achieved by transmlttn'fgsente
with constant sub-channel power at the PSD mask level at@ddablllty only realizations 40 to 50 are shown out of 100.

optimizing the CP length, namely/ (iope, psp,0) (see (15)).
The SNR equals 6.@B. In Figs. 2 and 3 we show the same
capacity comparisons respectively for an SNR of 268%6and
46.6 dB.

From Figs. 1-3, we notice that when the SNR is{6f6,
26.6, 46.6 dB, the capacity gains given by the joint CP an
power allocation w.r.t. the baseline system are respégtive
equal to: {29%,10%,4% when using iterative true water-
filling, {28%,10%,4% when using constant power IWF, anc
{22%,10%,4% when we transmit at the PSD level over al
the used sub-channels and we optimize the CP.

It is worth noting that for high SNRs, the use of the
IWF algorithms does not give improvements w.r.t. the cas
of transmitting at the PSD level across all the sub-channe
Furthermore, in agreement with the result obtained by Chc
[22], we can affirm that also for IWF, for high SNRs, the
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constant power water-filling has a negligible loss w.r.tietr
water-filling.

Fig. 4 shows the optimal CP (14) and (15) cumulative
distribution functions (CDFs) for the three SNR values. Re-
garding (14), the optimal CP-CDF is shown for both the IWF
algorithms, i.e., for the true water-filling, and for the stamt
power water-filling.

As we can see, only for a low SNR, the optimal CP
duration depends on the used power allocation algorithm.
Furthermore, the higher the SNR the longer the optimal CP
is. This is because, for high SNRs, the interference term
dominates the SINR denominator. Thus, a long CP maximizes
the capacity (5). Consequently, for high SNRs with a long CP,
the interference term is small, and therefore, the use of IWF
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is unnecessary.
Summarizing: 18]
« Only for low SNRs, the joint adaptation of power and CIJ

length to the channel realization further improves capacit

w.r.t. a uniform power distribution.

El

(10]

(1]

(12]

[13]

[14]

[15]

[16]

[17]

[19]

« Constant power IWF gives negligible loss w.r.t. true IWF.
« The optimal CP duration is not appreciably dependent 0ia0]

the used power allocation algorithm.

VI. CONCLUSIONS

[21]

In this paper we have investigated the problem of powee2]
allocation and CP length adaptation for the OFDM transmis-

sion system. We have shown that, the use of power allocati

algorithms based on IWF together with the adaption of the CP
can improve the OFDM system capacity. This is especially tru
for low SNR regions. We have further shown that the optimgby)
CP length does not strongly depends on the power distributio
and that the constant power IWF gives results that are simil?j's]
to true IWF.

(1]
(2]
B
(5]
(6]
(7]

(8]
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