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Abstract

Indoor broadband power-line communications is a suitable technology for home networking applications. In this
context, orthogonal frequency-division multiplexing (OFDM) is the most widespread modulation technique. It has
recently been adopted by the ITU-T Recommendation G.9960 and is also used by most of the commercial systems,
whose number of carriers has gone from about 100 to a few thousands in less than a decade. However, indoor
power-line channels are frequency-selective and exhibit periodic time variations. Hence, increasing the number of
carriers does not always improves the performance, since it reduces the distortion because of the frequency
selectivity, but increases the one caused by the channel time variation. In addition, the long impulse response of
power-line channels obliges to use an insufficient cyclic prefix. Increasing its value reduces the distortion, but also
the symbol rate. Therefore, there are optimum values for both modulation parameters. This article evaluates the
performance of an OFDM system as a function of the number of carriers and the cyclic prefix length, determining
their most appropriate values for the indoor power-line scenario. This task must be accomplished by means of
time-consuming simulations employing a linear time-varying filtering, since no consensus on a tractable statistical

channel model has been reached yet. However, this study presents a simpler procedure in which the distortion
because of the frequency selectivity is computed using a time-invariant channel response, and an analytical
expression is derived for the one caused by the channel time variation.

1. Introduction

The increasing demand for home networking capabil-
ities has attracted considerable interest to high-speed
indoor power-line communications (PLC). Despite this
technology is able to provide the data rates required by
the most common in-home applications, the lack of an
international  technical standard has traditionally
restrained its deployment. However, this situation is
expected to change with the upcoming International
Telecommunication Union (ITU) Recommendation
G.9960 [1,2]. In fact, several telecom operators are now
using PLC devices to carry the signals of their triple-
play services from the gateway to the set-top box.

At this moment, the available bandwidth for broad-
band indoor PLC applications extends up to 30 MHz
[3]. Communication channels in this band are frequency
and time-selective, with remarkable disparity even
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among different locations in a specific site [4]. Time var-
iations have a twofold origin: long-term changes because
of the connection or disconnection of electrical devices,
and short-term changes caused by the time-variant
behavior of the impedance and the noise emitted by the
electrical devices [5]. The former has no interest for this
study, since the time between consecutive transitions,
after which a new channel appears, is in the order of
minutes or hours. The latter has a periodical nature,
which allows the channel to be modeled by means of a
linear periodically time-varying (LPTV) filter plus an
additive cyclostationary-colored noise term [5].
Orthogonal frequency-division multiplexing (OFDM)
is a suitable technique to cope with these channel
impairments. In fact, it has been adopted by the ITU-T
Rec. G.9960 and by most PLC commercial systems. The
latter have increased their data rates from about 10
Mbit/s up to more than 100 Mbit/s in less than one
decade. Part of this improvement is because of the
increment in the number of carriers, which has gone
from about 100 up to a few thousands, and in the cyclic

© 2011 Cortés et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.


mailto:jaca@ic.uma.es
http://creativecommons.org/licenses/by/2.0

Cortés et al. EURASIP Journal on Advances in Signal Processing 2011, 2011:78

http://asp.eurasipjournals.com/content/2011/1/78

prefix length, which has gone from about 3.3 up to 5.6
us [6,7]. However, these values seem to be driven by an
implementation complexity criterion rather than by an
optimality one, since performance studies accomplished
up to now have not considered the channel time varia-
tion effect [8,9].

When an OFDM signal traverses a frequency-selective
time-varying channel, two distortion components
appear: the frequency selectivity causes intersymbol
interference (ISI) and intercarrier interference (ICI),
while the channel time variation results in ICI [10].
Increasing the number of carriers reduces the distortion
caused by the frequency selectivity of the channel and
improves the transmission efficiency, because the dura-
tion of the cyclic prefix represents a smaller percentage
of the overall symbol length. On the other hand, it
enlarges the symbol length, increasing the ICI because
of the channel time variation [11]. Thus, if the number
of carriers is too low (or too high), the distortion due to
the frequency selectivity (or to the channel time varia-
tion) may be greater than the noise, and the perfor-
mance is limited by an improper number of carriers.
Regarding the cyclic prefix, increasing its length reduces
the distortion caused by the frequency selectivity of the
channel, but decreases the symbol rate. Hence, enlarging
the cyclic prefix improves the data rate only if the power
of the remaining distortion due to the frequency selec-
tivity stays much greater than the noise and the distor-
tion caused by the channel time variation. Once the
contribution of the latter terms dominates, lengthening
the cyclic prefix is counterproductive because the
OFDM symbol rate is reduced without profit [12].
Therefore, there exist optimum values for both the
number of carriers and the cyclic prefix length.

The performance of OFDM has largely been investi-
gated in the mobile radio environment. In this scenario,
channel impulse responses are quite short (compared to
the symbol length). Hence, the optimum value for the
cyclic prefix length is equal to the duration of the chan-
nel impulse response. This eliminates the distortion due
to the frequency selectivity, and makes the ICI due to
the channel time variation the key element of the opti-
mization problem. The optimization is usually accom-
plished in terms of the signal-to-interference ratio (SIR),
or the signal-to-noise and interference ratio (SNIR) [13].
However, obtaining a closed-form expression for the ICI
can be difficult in some channel models [14]. Therefore,
approximate expressions are usually derived by assum-
ing that the channel variation along the OFDM symbol
is linear [13,15,16].

The aforementioned study is not applicable to indoor
PLC scenarios, where there is no agreement on a statis-
tical channel model and bottom-up (deterministic)
approaches seem to be more appropriate [17,18]. This
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fact has an important implication: it is impossible to
draw closed-form expressions for the ICI, the SNIR, or
the probability distribution of the ICI. Hence, distortion
terms can only be estimated by means of time-consum-
ing LPTV simulations accomplished over a set of mea-
sured or bottom-up modeled channels. Moreover, the
long impulse response of PLC channels obliges to use
an insufficient cyclic prefix, which makes the distortion
caused by the frequency selectivity to be also present.
As a consequence, maximizing the SNIR no longer max-
imizes the data rate, as it happens in the mobile radio
case.
In this context, we make two main contributions:

e We propose a fast and simple method to compute
the overall distortion suffered by an OFDM signal
over an indoor power-line channel. The ISI and ICI
due to the frequency selectivity are computed using
a linear time-invariant (LTI) channel. This procedure
is grounded on the observation that the delay
spread, which is the responsible for these distortion
components, is almost time-invariant [19]. To calcu-
late the ICI caused by the channel time variation, we
derive an analytical expression, which adopts a parti-
cularly compact form because of the periodic beha-
vior of the channel response.

e We evaluate the performance of broadband OFDM
systems on indoor power-line channels as a function
of the number of carriers and the cyclic prefix
length. Obtained results allow assessing the suitabil-
ity of the parameters currently employed by com-
mercial systems.

The rest of the article is organized as follows. Section 2
describes the channel model. Section 3 presents the
employed OFDM system model and the method pro-
posed to compute the distortion terms, which is validated
in Section 4. The proposed procedure is used in Section 5
to evaluate the performance of the OFDM modulation.
Main conclusions are summarized in Section 6.

2. Channel model

In most countries, indoor power networks have a
branched structure composed of a set of wires with dif-
ferent sections and ended in open circuits or in con-
nected appliances. Since impedances presented by the
appliances are quite diverse, the injected signal experi-
ences multipath propagation. More than the link dis-
tance, the relevant factors in the frequency selectivity
are the number of branches and their relative situation,
lengths, and loads [4]. In addition, the channel behavior
exhibits a short-term variation, synchronous with the
mains, due to the dependence of the impedance pre-
sented by the electrical devices on the mains voltage [5].
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Noise in the indoor power-line environment is mainly
generated by the electrical devices connected to the
power grid, although external noise sources are also
coupled to the indoor network via radiation or via con-
duction. It is composed of three major terms: narrow-
band interferences, impulsive noise, and background
noise. The former can be assumed stationary, and the
latter can be modeled by means of a Gaussian cyclosta-
tionary-colored process [20].

In this article, it is assumed that the working state of
the electrical devices remains unaltered and no impul-
sive noise components are present. Under these circum-
stances, the channel can be modeled as an LPTV system
plus a cyclostationary Gaussian noise term [20]. How-
ever, at this time there are no accepted statistical models
neither for the LPTV channel response nor for the
cyclostationary-colored noise. The only alternatives to
obtain the LPTV responses are either to use determinis-
tic models to generate an ensemble of channels [21] or
to use a set of measured channels. Regarding the noise,
the only possibility is to generate it according to instant-
aneous power spectral densities (IPSD) drawn from
measurements.

This study uses a set of more than 50 LPTV channel
responses and noise IPSD measured in three different
locations in the frequency band from 1 up to 20 MHz.
A detailed characterization of both elements can be
found in [5]. However, for the sake of clarity, the quali-
tative features of the method proposed to evaluate the
distortion are illustrated using only one of the afore-
mentioned channels. It has been selected because of the
significant time variation of its channel response. In the
mobile radio environment, this variation is due to the
Doppler effect and is quantified by means of the so-
called Doppler spread [22]. In power-line scenarios,
time variation is caused by the electrical devices and
exhibits a periodical behavior with harmonics of the
mains frequency, fo, which is 50 Hz in Europe. Hence,
the channel frequency response, H(t, f), can be expanded
as a Fourier Series,

H(t.f) = Y HO(f)e /et (1)

oa=—00

A sort of Doppler spread, Bp(f), can then be defined as
the largest nonzero Fourier series coefficient. In practice,
H(t, f) is obtained from real measurements and H(f) is
non-zero for all the values of a. In these cases, the Dop-
pler spread can be computed as Bp(f) = a;fy, where a;
is the largest coefficient for which H*(f) has reduced 40
dB below its maximum, H°(f) [5]. Figure la, b depicts
the time-averaged power delay profile (PDP) and the
Doppler spread values of the selected channel. The
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quantized nature of Bp(f) at multiples of f; is observable
in Figure 1b.

The frequency selectivity of the selected channel can
be clearly seen in Figure 2a, where the averaged value of
the channel attenuation along the mains period, Tp = 1/

Jo

Ty

) = [ e dr ©)

has been depicted. Similarly, the magnitude of the
time variations is clear in Figure 2b, where the time evo-
lution of the amplitude response along the mains cycle
at two frequencies is shown. As seen, there are fre-
quency bands with more than 6 dB of amplitude
variation.

3. Distortion evaluation
This section describes a method for the computation of
the distortion caused by the frequency selectivity and
the time variation of the channel response. Hence, no
noise is considered in the analysis.

The discrete-time expression of a baseband OFDM
signal with N carriers and cp samples of cyclic prefix is
given by

00 N/2

w = > Y XMy g1 (3)

q=—00 i=—N/2+1

where L = N + cp is the symbol length, X, ; is the gth
data symbol transmitted in carrier i and w[n] is a rec-
tangular window with non-zero samples in the range 0 <
n<L-1

Let us consider an indoor power-line channel sampled
with a frequency that is a large multiple of the mains
one. Its baseband equivalent impulse response can be
expressed as /h[n, m], where n is the observation time
and n - m is the time at which the impulse is applied.
The channel output to the input signal x[n] can be
expressed as [23]

Z hin, mlx[n — m], (4)

where Lj,(n) is the length of the impulse response at
time n. However, as measurements indicate that L,(n) is
essentially invariant along the mains cycle [19], from
now on it is denoted by L.

At the receiver, the output of the DFT in carrier k for
the £th transmitted symbol can be expressed as

N-1

2T
Yo=Y yln+U+cp+DleINe", (5)

n=0
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Figure 1 PDP and Doppler spread of the example channel. (a) Power Delay Profile; (b) Doppler spread.

where D accounts for the delay introduced by the syn-
chronization process performed at the receiver. Its objec-
tive is to ensure that the DFT is computed over the set of
samples in which the distortion from the previous and
successive symbols is minimal [24]. The receiver will set
D = 0 when a sufficient cyclic prefix is employed, since in
this case the useful part of the OFDM symbols has no
trace of the previous and successive symbols.

Subsequent expressions can be simplified by separat-
ing the impulse response of the channel during the

useful part of the £th symbol (i.e., excluding the cyclic
prefix) in two terms,
hin+CL+cp + D,m] = y[m] + Aljm] 0<n<N -1, (6)
where /,[m] is the impulse response at the middle of
the useful part of the £th OFDM symbol and Ak{|m]
accounts for the time variation of the channel during
the nth sample of the ¢th symbol with respect to
helm].
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Introducing (3), (4) and (6) in (5) yields

0 N/2 e]Nl[D+ {{ q L] N—-1 L,—1
Yﬂ,k = E qi E
g=—00 i=—N/2+1 n=0 :0

+Amy [mDW(Z—q) [n — mle ]N’meiN( i~k
(7)

where for the sake of clarity, w . »ln - m] = wln - m +
cp + D + (€ - g)L] is introduced.

The inner bracket in the r.h.s. of (7) contains two
terms: ho[m] and Ahj[m]. The former is time-invariant
during each symbol and is the responsible for the distor-
tion due to the frequency selectivity that appears when
an insufficient cyclic prefix is employed. A simplified
procedure for the calculation of this distortion is pro-
posed in Section 3.1. The latter, Akj[m], varies along
each OFDM symbol, which causes ICI even when a suf-
ficient cyclic prefix is employed. A compact analytical
expression for this ICI is derived in Section 3.2.

3.1. Distortion due to the channel frequency selectivity
This section is focused on the calculation of the ISI and
ICI due to the frequency selectivity of the channel. Hence,
the channel time variation along the OFDM symbol is dis-
regarded, i.e., Alj[m] = 0. When a sufficient cyclic prefix
is employed under these circumstances, expression (7)
reduces to Yy, = X He[k]. This would avoid distortion
but leading to an unbearable data rate penalty because of
the long impulse response of power-line channels.

The key assumption to simplify the calculation of the ISI
and ICI that appears when ¢p < L, - 1 is that their magni-
tude is almost time-invariant. Certainly, since /,[n] changes
from symbol-to-symbol, so does the ISI and ICI terms.
However, their magnitude is mainly determined by the part

of the channel impulse response not covered by the cyclic
prefix [24]. Moreover, it has been shown that the delay
spread of PLC channels is almost time-invariant [19]. Con-
sequently, the energy of the remaining part of the channel
impulse response (the one not included in the delay spread)
would also be almost time-invariant. Therefore, if the cyclic
prefix length is larger than the delay spread (as it happens
in PLC), it seems reasonable to assume that the power of
the distortion due to the frequency selectivity would also
be almost time-invariant. This end will be corroborated a
posteriori in Section 4 and allows calculating the ISI and
ICI caused by the frequency selectivity using a time-invari-
ant channel, /[n]. The impulse response of this channel
can be obtained, for instance, by taking one of the impulse
responses exhibited by the channel along the mains cycle.
The averaged channel response along the mains cycle
may also be appropriate for this purpose.

In addition, the number of carriers of interest (N >
256) and the considered frequency band lead to
OFDM symbol lengths larger than the channel impulse
response. This constrains the distortion suffered by the
¢th symbol to the ICI created by itself and to the ISI
and ICI created by the previous, (£ - 1)th, and the sub-
sequent, (¢ + 1)th, symbols. Under these circumstances,
a semi-analytical expression for the distortion can be
obtained by following a similar procedure to the one in
[25].  Substituting /e[n] by h[n] and denoting

bi[n] = hin] * (w[n]ej%\/_ni("_cm) , where * represents the

convolution, (7) can be written as

N/2

Yo = (Xei Tei(k) + Xe-1) Tie-1),i(k)
= N1
+ Xes1),i Tie)i(k)),
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with
Tyu(k) = %FFT(bi[n +ep+ D] N, k),
1
T(e1),i(k) = NFFT(bi[n +cp+D—L]|,N,k), (9)

1
T(H»l),i(k) = NFFT(bl[Vl +cp + D+ L],]\]7 k),

and where FFT (x[n],N,k) = SN} x[n]e*jiz_nk”,
Fixing the frequency equalizer (FEQ) in carrier k to

H1 [k]eij%\l_nkD , assuming equal power constellations
centered in the origin and with independent data values,
the signal-to-distortion ratio® (SDR) due to the fre-
quency selectivity (ES) in carrier k may be obtained as

E[1Xe 1l
SDRgs (k) = (e | ;
E[|Xer — Yo FEQ(R)|)
_ Hk)?
ISI(k) + ICI(k) + |H (R)e/ NP Ty (1) 2,
(10)
where
ISI (k) = |T(€—1),k(k)|2 + \T(e+1),k(k)|27 (11)
N/2
€Il = Y (Tena®)P +|Tel)
i=—N/2+1

izk

[ Ties1),i (k) ).

In addition to the ISI and ICI terms, the denominator
in the r.h.s. of (10) contains a third distortion term. It
reflects that the output symbol can no longer be

.21
expressed as Yy, = XpH [k}e]WkD when an insufficient

cyclic prefix is employed, not even in the case of a one-
shot transmission using one single carrier.

Alternatively, the term SDRgg(k) can be estimated by
means of simple simulations. Using a state-of-the-art
computer, this strategy has proved to be faster than the
proposed semi- analytical method when the number of
carriers is approximately N > 21,

3.2. Distortion due to the channel time variation

To calculate this distortion term, the cyclic prefix length
can be fixed to the most convenient value, e.g., cp = L, -
1. The reason is that the ICI generated by the channel
time variation is almost independent of the cyclic prefix,
since the latter is discarded before the DFT computed at
the receiver. Hence, only the time variation of the chan-
nel along the useful part of the OFDM symbols is
reflected at the output of the DFT. By selecting cp = L), -
1, it is ensured that distortion terms due to the channel
frequency selectivity are eliminated, what simplifies the
problem. Certainly, the time variation of the channel
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during the preceding and subsequent symbols cause
additional distortion when cp < L; 3, but it is negligible
when compared with the remaining terms. Fixing cp >
L, - 1 (and D = 0), expression (7) can be expressed as

N2
1
Yo = XorHell] +y Z Xoi (12)
i="N2+1
N-1 Ly—1 )
2 (Z Ahzf[m]em”"> SN,
n=0 m=0
where
Ly—1 o
Hyll) = > hy[mle /X0, (13)
m=0

For the number of carriers in the range of interest, the
channel can be assumed to have a slow-varying beha-
vior, and its variation along the useful part of the
OFDM symbol may be approximated as linear [26]

(n—N/2+1/2)

Ahy[m] = Ahy [m] N

0<nsN -1, (14)

where Aho[m] denotes the difference in the value of
the impulse response from the beginning to the end of
the symbol. The range of validity of this approximation
will be assessed, a posteriori, in Section 4.

Introducing (14) into (12) results in

N/2

1
Y= Xl gy D XeAHf] (5)
i=-N2+1
i=k
efl%(l_k)
Xi’
sin(3y (i — 1)
where
Ly—1
(16)

A =Y~ Ahglple 3.
m=0

As seen, the second term in the r.h.s. of (15) is the ICI
due to the channel time variation.

Since the channel response variation is periodic, it is
interesting to consider an OFDM system in which trans-
missions are synchronized with the mains signal. This
strategy provides important data rate gains because it
allows exploiting the periodical behavior of the SNR
[27]. Assuming that P-complete OFDM symbols can be fit-
ted into each mains period, the symbol index, ¢, can
be expressed as £ = p + P, where 0 < p < P -1 and - « <
r < oo. Then, due to the periodic behavior of the channel, it
holds that H,,,,p [m] = H,[m] and AH,,,,p [m] = AH,,[m].

By setting the FEQ in carrier k to H,'[k] and using
zero-mean equal power constellations with independent
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data values, the SDR due to the channel time variations
(TV) in carrier k can be expressed as

E[I i’

H pk

[k]lz]

NZ/Q |AHpm ?
i=-N/2+1 sin® (3(i-k))
izk

SDRry (p,k) =

It should be noted that the expectation in (17) is per-
formed over the data values, X,, 4, since the channel re-
sponse is deterministic once the transmitter and receiver
locations are fixed.

3.3. Overall distortion calculation
According to (8) and (15), the output of the DFT per-
formed at the receiver can be expressed as

N/2
Yoo = Xex Ter(k) + Z XeiTey (k)
i=-N/2+1
N/2 LN
+ Z Xei Tei(k) + Z (Xe-1),iT(e-1),i(k)
N/2+1 =—N/2+1
+X(€+1)‘iT(E+1),i(k))7
(18)
where
T
T (k) = 2= AHi] (19)

2N sin(f (i — k)
The second term in the r.h.s. of (18) represents the dis-
tortion due to the time variation of the channel, while
the third and fourth terms represent the distortion
caused by the frequency selectivity. Provided that the
transmitted data values are independent and zero-mean,
the power of the overall distortion would be computed
by summing the power of the individual terms. However,
this is prevented by the fact that the second and the
third ICI components are caused by the same data
values. Therefore, its power is given by
2
N/2
E Z Xed[ Ty} (k) 4 Tei(k)]

i=-N/2+1
i=k

= E[|Xe./’]

(20)
N/2

X ’Z (T8 ()P + | Tes(R)] +
z:—I;[:/kZJrl

N/2

> 2Re[TY (k) Tei(k)']

i=-N/2+1
izk

Page 7 of 12

Nevertheless, it is reasonable to assume that T,V (k)
and T¢ i(k) are uncorrelated because they have inde-
pendent causes: the former is due to the time variation
of the channel and the latter is caused by the frequency
selectivity. Accordingly,

N/2

2

i=—-N2+1
izk

2Re [Tgy(k) Tg,,'(k)*} —o. (21)

The validity of this assumption will be corroborated a
posteriori in Section 4.

As a result, the overall SDR experienced by an OFDM
system with c¢p samples of cyclic prefix and which trans-
missions are synchronized with the mains signal can be
obtained by the following procedure:

(1) Estimate the SDR in carrier k due to the frequency

selectivity, SDRgs(k), using a cyclic prefix of cp sam-

ples. This can be accomplished using (10) or by means
or simulations.

(2) Calculate the SDR due to the channel time variation,

SDRtv(p, k), using expression (17).

(3) Obtain the overall SDR in carrier k of the pth trans-

mitted symbol in each mains cycle according to
[SDRpS(k) ™" + SDRyv (p, k)] .

SDR(p, k) = (22)

4. Method validation

Results obtained with the proposed methodology are
now compared to those given by LPTV simulations. The
channel extends up to 25 MHz and the carrier frequency
of the OFDM system is fixed to 12.5 MHz. Hence, the
sampling frequency for the baseband equivalent system
is set to f; = 25 MHz. The LPTV filtering is performed
using the direct form A structure described in [23]. The
filter bank consists of 976 filters, whose impulse
responses have been obtained by sampling the channel
impulse response at regularly distributed intervals within
the mains cycle. These simulations involve significant
computational complexity because, in practice, the calcu-
lation of each output symbol from the channel requires
the use of several filters from the bank.

Firstly, the accuracy of the analytical expression derived
for the ICI caused by the channel time variation is assessed.
To this end, it must be ensured that there is no distortion
due to the channel frequency selectivity when computing
the SDR by means of LPTV simulations. This can be
achieved by fixing the cyclic prefix to the extremely high
value of ¢p = 511 samples (20.44 ys at 25 MHz). Figure 3
shows the time and frequency-averaged SDR values versus
the base-two logarithm of the number of carriers: curve a
has been obtained from (17) and curve b from LPTV simu-
lations. As expected, the difference between both curves
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increases with the number of carriers. The reason is that
curve a has been obtained assuming that the channel im-
pulse response has a linear variation along the OFDM
symbol. Increasing the number of carriers enlarges the
symbol length and, consequently, the error made by the lin-
ear approximation. However, for N = 2, which can be con-
sidered an upper bound in the number of carriers currently
used by commercial PLC systems, the difference between
curves a and b is smaller than 1.5 dB. Moreover, even for a
number of carriers as high as N = 2'°, the difference is
smaller than 2.6 dB. In both cases, the error is smaller than
the SNR increment (3 dB) required to transmit one add-
itional bit per symbol in an AWGN channel. In addition, it
should be reminded that the considered channel is a worst
case one, in terms of channel time variation. Therefore, the
aforementioned errors may be taken as upper bounds.
Secondly, the suitability of (22) to calculate the overall
SDR is verified. As an example, let us assume that we
want to compute the overall SDR experienced when the
cyclic prefix length is set to ¢p = 75 samples (3 ps at 25
MHz). The values of SDRgg(k) have been computed using
(10) with the LTI response that results from the averaging
of the impulse response exhibited by the channel along

the mains cycle. Curve c in Figure 3 depicts the fre-
quency-averaged values of the obtained results. Curve d
shows the time and frequency-averaged values given by
(22). Clearly, it tends to curve c in the low number of car-
riers region and to curve a in the high number of carriers
zone. It can be seen that the differences between curves d
and e, obtained by means of LPTV simulations, are smal-
ler than 2 dB for N < 2'%,

The additivity of the distortion due to the frequency
selectivity and to the time variation of the channel can
also be corroborated by concentrating in the SDR values
for N = 2", where the power of both terms is similar. As
seen, the difference between curve d, which assumes
additivity, and curve e, which makes no assumption, is
about 1.4 dB. However, this error is almost exclusively
due to the linear variation approximation employed to
obtain curve d. This can be verified just by noting that
1.4 dB is the error between curve a, which uses the linear
variation approximation but in which there is only one dis-
tortion term, and curve b, which makes no approximation
and which there is also only one distortion term.

Finally, results presented in Figure 3 are also used to as-
sess the validity of the time-invariant behavior assumed for
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the distortion caused by the channel frequency selectivity.
To this aim, let us concentrate in the region where N <
2'%, in which the distortion due to the frequency selectivity
is the dominating term, as can be easily observed by com-
paring curves a and c. Differences between the overall
SDR estimated with the proposed method, shown in curve
d, and the one computed by means of simulations,
depicted in curve e, are smaller than 1.3 dB. The negligible
effect of the ICI due to the channel time variation in this
zone allows concluding that this divergence is due to the
time-variant magnitude of the ISI and ICI caused by the
frequency selectivity.

5. Performance analysis

Performance evaluation presented in this section is
accomplished over the set of measured channels intro-
duced in Section 2. As mentioned in Section 1, it is in-
appropriate to assess the performance of the OFDM
system in terms of the SNIR, since maximizing it does
not maximizes the bit-rate. The reason is that the system
bit-rate has a direct dependence on both the SNIR and
the symbol rate. Since PLC channel responses are quite
long, enlarging the cyclic prefix improves the SNIR but
reduces the symbol rate. This motivates the use of the
bit-rate as the system performance indicator.

However, obtaining the bit-rate subject to a certain ob-
jective bit error rate (BER) requires the knowledge of the
probability distribution of the noise and the distortion.
Since there is no accepted statistical model for the PLC
channel response, the distribution of the distortion is un-
known. Nevertheless, we can assume that they are gaus-
sianly distributed to obtain a lower bound for the bit-
rate. This is the approach followed in this section.

5.1. Bit-rate calculation
One of the advantages of OFDM is that the constellation
employed in each carrier can be selected according to its
particular channel conditions. Moreover, these constella-
tions can also be changed with time. The objective is to
transmit at high data rates when channel conditions are
favorable and to reduce the throughput when the chan-
nel gets poorer, while guaranteeing a target BER.

In an actual channel, the output of the DFT performed

at the receiver can be written as
Yy = XprHplk] + Npi + Dy, (23)

where N, x and D,, ; are the cyclostationary noise and
distortion terms, respectively. The signal-to-noise and
distortion ratio (SNDR)P can then be defined as
2
E[[Xp ']
127
E“Xp.,k‘Ynkal[kH ]

SNDR(p,k) = (24)

assuming that the noise and the distortion are inde-
. . . 2
pendent, and denoting their respective power as ON,,
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and o}, , and the signal power by o} , the SNDR can be

expressed as

2
pr.k

2
.Hp—l[k]‘ (og,p_k + o,gp‘k)
Ny %D,
‘Hp[k” GXp.k ‘HP [kH GXp.]z
[SNR(p, k)" + SDR(p, k) ']

SNDR (p, k) =

1

(25)

where SDR(p, k) is computed according to (22) and SNR
(p, k) denotes the SNR in carrier k of the pth symbol trans-
mitted in each mains cycle, which can easily be computed
from the transmitter power spectral density (PSD) and the
instantaneous PSD of the cyclostationary noise.

Hence, the OFDM system can be seen as a set of P x
N independent channels. Assuming that both the noise
and the distortion have a Gaussian distribution, the
number of bits per symbol that can be transmitted in
carrier k during the pth symbol of each mains cycle is
given by the simple expression

e

where I is the so-called SNR gap and models the SNR
penalty experienced because of the use of a discrete con-
stellation. For square QAM constellations, it can be
approximated by [28]

- 1 In BER b
1.6 02 )’
where BER,y; is the objective BER constraint.

The bit-rate achieved when employing N carriers and cp
samples of cyclic prefix can then be obtained according to

(26)

(27)

P-1 N-1
R(N,cp) = W ; }Zo: b(p, k), (28)

where f; is the sampling frequency and denotes P the
number of OFDM symbols in each mains cycle.

5.2. Selection of the modulation parameters

A performance criterion must be defined to select the
modulation parameters. The most straightforward is to
maximize the aggregate bit-rate of the set considered
channels. However, the significant SNDR differences be-
tween PLC channels may lead to the quite unfair situ-
ation in which the most appropriate parameters are
practically equal to the ones that maximize the bit-rate
in the channel with the highest SNDR values. To avoid
this, a different criterion is employed in this study. It
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begins by computing the bit-rate loss caused by the use
of a non-optimum cyclic prefix in the mth channel
Ryu(N, cp)

m N’ =1- )
NP = (R (N )}
P

(29)

where R,,(N, cp) is the bit-rate achieved in the mth chan-
nel. Denoting by M the number of channels employed in
the analysis (which exceeds 50) the averaged bit-rate loss

over the set of considered channels is then calculated as [9]
M

a(N,cp) = %Zam(]\ﬂ cp).

m=1

(30)

This parameter is now used as a performance indicator
to determine the most appropriate values for the number
of carriers and cyclic prefix length. The transmitter PSD is
fixed to -20 dBm/kHz, which is in accordance with the
PSD mask fixed by the upcoming ITU Rec. G.9960. BPSK
and square QAM constellations subject to an objective
BER of 10 are employed. Constellations with up to 12 bits
per symbol are employed. The number of carriers is varied
in a range of up to N = 2'°, which is much higher than the
ones employed in state-of-the-art modems. This allows ex-
ploring the theoretical limits of the modulation, rather than
constraining it to the current state of technology.

Figure 4a depicts the values in (30) expressed as a per-
centage. Detailed results for representative cyclic prefixes
are shown in Figure 4b. As expected, the cyclic prefix
length has a strong influence in the performance only when
the number of carriers is low. In these situations, distortion
due to the frequency selectivity is the limiting term, and a
careful selection of the cyclic prefix must be performed. On
the other hand, distortion due to the time variation
becomes the dominating term when the number of carriers
increases and, except for very low values of the cyclic

Page 10 of 12

Table 1 Approximate values of the optimum cyclic prefix
length (at 25 MHz) as a function of the number of carriers

N 29 510 Pl 512 513 514 515
cp (Samples) 50 75 75 125 150 175 200

prefix, the influence of the cyclic prefix is very small. This
can be clearly observed in Figure 4b, where a c¢p variation
of 100 samples results in a performance variation smaller
than 1.5% for N > 2''. According to this, Table 1 shows ap-
proximate values of the optimum cyclic prefix lengths. It
can also be observed that the most appropriate number of
carriers is N = 2'%, although the averaged bit-rate loss is still
below 3.5% for N = 2'%. In a 25 MHz frequency band, N =
2'3 results in a carrier bandwidth of 3.1 kHz. This value is
much lower than the one employed by current commercial
system, which is in the order of 24.4 kHz [7]. Hence, con-
siderable performance improvements can still be achieved
just by increasing the number of carriers.

Results presented in Figure 4b can be used to determine
the most appropriate number of carriers. However, to de-
cide the value to be used in a practical system, it would be
useful to know the absolute values of the bit-rate. This will
allow evaluating whether the bit-rate gain compensates for
the increment in the implementation complexity. Figure 5
shows the maximum, the mean, and the minimum values
of the bit-rate (computed over the set of considered chan-
nels) as a function of the number of carriers. The cyclic
prefix values given in Table 1 have employed. As seen,
moving from N = 2° to N = 2 boosts the mean value of
the bit-rate from approximately 119 up to 137.2 Mbit/s.
However, subsequent increments provide reduced gains,
e.g., the mean value of the bit-rate for N = 2'® is 139.2
Mbit/s. Similar conclusions can be drawn for the max-
imum and the minimum bit-rate values.

30
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o — 20F
25 e_\g; 0
S i
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’ w M log,(N)
400 g log,(N) 2
Figure 4 Averaged bit-rate loss over the set of considered channels. (a) Averaged bit-rate loss as a function of the number of carriers and
the cyclic prefix length; (b) Averaged bit-rate loss for selected cyclic prefix lengths.
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6. Conclusion

This article has presented a new method to compute the
distortion suffered by OFDM signals on indoor broad-
band power-line channels. The overall distortion is the
sum of two terms: one due to the frequency selectivity

and another caused by the channel time variation. It
has been shown that the former is almost time-invariant
and, hence, can be computed using an LTI filter. The
latter is calculated by means of a novel analytical
expression that, due to the periodically variant nature of
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the channel, has a particularly compact expression.
These results have been used to assess the performance
of the OFDM modulation on a set of measured indoor
power-line channels. Optimum values for the cyclic pre-
fix length and the number of carriers have been given.

Endnotes

*The SDR is also referred to as SIR, where the term
interference refers to the ISI and ICI.

PThe SNDR is sometimes referred to as signal to
interference and noise ratio (SINR), where the term
interference refers to the ICI and ISI, and also as SNR,
where the term noise refers to all the unwanted compo-
nents, i.e., the channel noise and the distortion.
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