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Abstract—A novel multi-carrier modulation scheme for broad-
band power line communication (PLC) is presented. The novel
architecture is based on the Filtered Multitone (FMT) modulation
concept. However, the novel modulation scheme uses the circular
convolution instead of the linear convolution in the filtering
operations. We refer to this new architecture as Cyclic Block
Filtered Multitone Modulation (CB-FMT). CB-FMT can benefit
from the high sub-channel frequency confinement and the design
of an orthogonal prototype pulse is simplified w.r.t. conventional
FMT. A simple frequency domain equalizer can be deployed
in frequency selective channels. Furthermore, CB-FMT can
offer high frequency notching capability which is an important
requirement in PLC to fulfill EMC norms. Numerical results
show that CB-FMT has higher achievable rate than OFDM for
the same number of data sub-channels.

I. INTRODUCTION

Nowadays, high data rate broadband power line communica-
tion (PLC) exploit multi-carrier modulation schemes. Typical
power line channels exhibit high frequency selectivity. In time
domain, this selectivity is translated into long channel impulse
responses. The time dispersion introduces significant inter-
symbol interference that requires complex equalization tech-
niques. In multi-carrier modulation schemes, also referred to
as filter bank modulation, the wide band channel is partitioned
into a number of narrow band sub-channels. Each sub-channel
has a more flat frequency response so that the equalization task
is simpler than in single-carrier modulations.

One of the most popular multi-carrier modulation tech-
niques is orthogonal frequency division multiplexing (OFDM)
[1]. This modulation scheme is widely adopted in different
scenarios, e.g. for wireless, in the digital subscriber line and
PLC systems. Several PLC systems deploy OFDM both for
narrow band (NB) and broadband (BB) applications. NB-PLC
operates at the lower frequencies, e.g., in Europe NB-PLC
operates in the 3-148.5 kHz CENELEC bands. Two relevant
industrial standards are PRIME [2] and G3-PLC [3]. BB-PLC
operates in the 2-30 MHz band and it is intended for high-data
rate communications, e.g., the HomePlug AV [4] system.

An alternative multi-carrier scheme to OFDM is Filtered
Multitone Modulation (FMT) [5]. In contrast to OFDM, where
the time domain confinement is preferred, FMT is character-
ized by high frequency confinement of the sub-channels. When
the sub-channel frequency confinement is high, the inter-
carrier interference between different sub-channels is lower. In

addition, the out-of-band interference is reduced. This aspect
has an important implication in BB-PLC. In fact, in the 2-30
MHz band there are several parts of the spectrum where the
power of the transmitted signal must be reduced (or totally
notched) to generate low emissions and allow the coexistence
with other systems, e.g., radio amateur systems. If the sub-
channels have high frequency confinement, the number of
notched sub-channels that need to be notched will be reduced
w.r.t. OFDM. This implies that the data rate penalty is smaller.

In conventional FMT modulation, to obtain high sub-
channel frequency confinement, long prototype pulses have
to be used. This may increase the implementation complexity.
In this paper we present a novel modulation scheme that aims
at simplifying the pulse design and reduce the complexity.
We replace the linear convolutions of the conventional FMT
scheme with circular convolutions. Furthermore, we group
the sub-channel data sequences in blocks. We refer to this
novel system as Cyclic Block Filtered Multitone Modulation
(CB-FMT). In section II, we describe the conventional FMT
and the OFDM systems. In Section III, we present the CB-
FMT scheme. First, we show how to design a prototype
pulse that renders CB-FMT orthogonal. Then, we focus on
obtaining orthogonality in frequency selective channels. In
Section IV we derive the Power Spectral Density (PSD) of
the transmitted signal and we discuss notching to respect EMC
masks. In Section V, we compare the CB-FMT with OFDM
in terms of maximum achievable rate. Finally, in Section VI,
the conclusions follow.

II. MULTI CARRIER MODULATION

In a multi-carrier modulation scheme, the high-data rate
sequence, a(n), is split into K low data-rate sequences,
denoted with a*)(N¢), k = 0, ..., K —1. The available channel
bandwidth is partitioned in K sub-channels, one for each low
rate sequence. This technique allows us to simplify the equal-
ization task at the receiver. Several modulation schemes have
been proposed. We focus on Filtered Multitone Modulation
(FMT) and on Orthogonal Frequency-Division Multiplexing
(OFDM). These schemes have uniform sub-channel spacing
and identical sub-channel pulse shape.
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Fig. 1. CB-FMT transceiver scheme.

A. FMT Modulation

In conventional FMT, each low rate sequence a*)(NY) is
interpolated by a factor IV and, then, filtered with the prototype
pulse g(n). The K filtered signals are translated in frequency
by a complex exponential multiplication. The K sub-channel
signals are then summed to obtain the transmitted signal x(n),
expressed as

K—1
z(n) = Z Za(k)(]\fﬁ)g(n — NOW™, (1)

k=0 (c€Z

where W7 = e~*2™/K s the complex exponential. The

signal in (1) is digital-to-analog converted and then transmitted
over a power line dispersive channel. At the receiver side,
the signal is low-pass filtered and, then, analog-to-digital
converted. The received signal, in discrete time, can be express
as

y(n) =z * hep(n) +n(n), 2)

where *, hopr(n) and n(n) are the linear convolution operator,
the discrete time equivalent channel impulse response and
the background colored Gaussian noise, respectively. After
demodulation of (2) with a bank of complex exponential
multiplicators, the obtained sub-channel signals are filtered
with h(n) and finally they are sampled by N. The output
signal for the k-th sub-channel can be written as

M (Nn) =" y() Wik h(Nn - 0). 3)

ez
In FMT the prototype pulse is confined in the frequency
domain, e.g. the root raised cosine pulse is a common choice.

B. OFDM Modulation

The OFDM scheme can be seen as an FMT scheme where
N = K and the prototype pulse is the rectangular function,
ie. g(n) is equal to 1 for n € [0, N — 1] and O otherwise.
Due to the rectangular pulse shape, the transmitted signal (1)
can be efficiently obtained with a K-points Inverse-Discrete
Fourier Transform (IDFT)

K-1

z(n) = % > a(NOW™, Ne<n < ((+1)N. (4)

k=0

The output of the IDFT stage is extended with a cyclic prefix
(CP) of u samples. At the receiver, we discard the CP and
we apply a Discrete Fourier Transform (DFT). Finally, a 1-
tap MMSE equalization is performed. if the CP is greater than
the maximum time dispersion introduced by the channel, there
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Fig. 2. Outer cyclic extension with frequency domain equalizer.

will not be inter-symbol interference (ISI). Differently from
FMT, the prototype pulse is not well confined in the frequency
domain.

III. CycLic BLocK FMT MODULATION

The idea behind our novel multi-carrier modulation scheme
is to substitute the linear convolution in (1) with a circular
convolution. Then, we group and process the low rate sequence
a®(NY) in blocks of L symbols. We refer to this modulation
scheme as Cyclic Block Filtered Multitone Modulation (CB-

FMT). The CB-FMT scheme is depicted in Fig. 1. The
transmitted signal can be rewritten as
K-1L-1
z(n) =YY ad®(NOg((n— NO)uy W™, (5)
k=0 £=0

nef0,-- My—1},

where g((n—N¥)),,, is the periodic repetition with period M,
of the prototype pulse g(n) shifted by N/, i.e. the cyclic shift
g((n— NL+ M3))w, = g(n— N{). We assume the prototype
pulse to be a casual FIR filter with a number of samples equal
to Mo = LN. If g(n) has less than M, samples, we will
extend the impulse response to Ms with zero-padding.

Similarly to the transmitter, at the receiver we replace the
linear convolution with the circular convolution in (3). Thus,
we obtain

M271
ZP(Nn) = Y y(OWER(ND =)y, (6)
=0

ne{oa”'vL_l}v

where h((Nn — £))y, denotes the cyclic shift of h(n), i.e.
h((Nn — £+ M3))y, = h(Nn —£).

A. Prototype Pulse Design

To design the prototype pulse, we work in the frequency
domain by exploiting the DFT of the transmitted signal x(n).
First, we define () such that My = LN = K Q. Then, we com-
pute a Ms-points DFT of (5), i.e. X (i) = Y 2! z(n)Wif.
We obtain

K-1
X(i) =Y AW (i - QK)G(i — Qk), ™

k=0
where A (7) and G(i) are the L-points DFT of the L symbols
a®)(N¢), £€{0,...,L—1} and the Ms-points DFT of the
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Fig. 3. Linear equivalent model for CB-FMT transmitter.

prototype pulse g(n), respectively. From the previous relation,
we note that if G(i) =0 for ¢ € {Q,..., Mz — 1}, (7) can be
simply rewritten as

X (i) = AW (i — Q)G (i — Qk), (8)
ke{0,--- K —1}.

Under this assumption, there is no inter-channel interference
(ICI) due to the pulse frequency confinement.

In particular, in this paper we choose the prototype pulse
to be a rectangular window in the frequency domain. Other
pulse shapes are designed in [6]. Thus, G(i) is equal to 1
for i € {0,...,Q — 1} and 0 otherwise. Consequently, at the
receiver, we can rewrite (6) as

-3 -

The signal Z®)(p — Qk) can be written as

QRW, =)

N-1

Z®(p—Qk) = Y+ Lo)H(p+ Lg— Qk), (10)

q=0

where Y (i) and H (i) are the Ms-points DFT of the received
signal y(n) and the Ms-points DFT of the prototype pulse
h(n), respectively. We choose the prototype pulse h(n) ac-
cording to the matched filter concept, i.e. g(n) = h*(—n). In
the particular case of this paper, we have simply H (i) = G(1).
Under this assumption, the CB-FMT filter bank is orthogonal
and there is no inter-symbol interference (ISI) between the L
symbols of each block due to the Nyquist criterion.

B. Orthogonality with Frequency Selective Channels

The design described in the previous section renders CB-
FMT orthogonal when the channel is ideal. A real power line
frequency-selective channel introduces inter-block interference
(IBI) due to the linear convolution in (2). To prevent this,
similarly to OFDM, we may apply a cyclic prefix (CP) to
the transmitted signal block, as shown in Fig. 2. In this way,

provided that the CP is longer than the channel duration,
the linear convolution in (2) becomes a circular convolution.
Therefore, the Ms;-points DFT outputs of the received signal
can be simply written as

Y(p) = X(p)Hcu(p) + Nuw(p), (11

where Hop(p) and N, (p) are the My-points DFT of the
channel impulse response and the Ms-points DFT of the
background colored noise samples, respectively. This allows
us to use a simple MMSE equalizer. In detail, the outputs
of the DFT of the received signal (11) are weighted by the
coefficients

Hep(p+kQ)

Hpq(p +kQ) = ,  (12)
|Her(p+ kQ)1? + ijé;p(;)k@
pe{0,...,Q —1},
ke{0,...,K —1},

where M, (p + kQ) is equal to E[|Ny(p + kQ)|?] and EJ[]
is the expectation operator. Then, further processing via IDFT
brings the signals into time domain.

IV. PSD RELATED ASPECTS

Broadband PLC generally operates in the band 2-30 MHz
[7]. Transmission above 30 MHz is possible, but the Electro-
magnetic compatibility (EMC) limits are more stringent than
the limits in the band below 30 MHz. In the 2-30 MHz range
there are several sub-bands dedicated to other communication
systems, e.g. to amateur radio. A spectrum notching mask
has to be fulfilled by the Power Spectral Density (PSD) of
the transmitted signal to grant coexistence. In the notching
frequencies, the PSD level must be less than —80 dBm/Hz.
Otherwise, the PSD limit is set to —50 dBm/Hz.

In the following we derive an analytic expression for the
PSD of CB-FMT. The PSD of OFDM modulation is discussed
in [8], [9]. In Fig. 3, we show a linear model for the CB-FMT
transmitter, which is valid when the relation (8) is satisfied.
The figure shows that each sub-channel signal is modulated
with a complex exponential and then it is processed by a
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Fig. 4. Power Spectral Density of CB-FMT transmitted signal and the
HomePlug notching mask.

synthesis filter bank with pulse response hi(Nn) equal to 1 for
n € {0,..., L—1} and 0 otherwise. The output of each filter is
sampled by L and weighted with the prototype pulse frequency
response coefficients. Finally, an interpolation filter with im-
pulse response 7™ (t) = rect (m e~ i2mat/(M2T) ¢
R, where T is the sampling period, is applied.

If we assume the data symbols to be independent with zero
mean, the PSD expression can be obtained by computing the
correlation of x(t)

re(t,7) = Ez(t + 7)"z(t)].

Due to the interpolation filter héa) (t), the transmitted signal
is cyclo-stationary so that (13) is periodic [10], i.e. 7, (t +
To,7) = ry(t,7), where To = (Ms + p)T. Thus, we evaluate
the mean correlation r,(7) = T%) OTO r.(t,7) dt. After some
algebraic manipulation we obtain the mean PSD expression as
follows

13)

Po(f) = Po(f) + Pa(f), (14)
; K-1e-l
Pi(f) =7 C@PIGr(f = fral, (15
0 k=0 ¢=0
97, K—-1Q—-L-1
Py(f) == Z Re (Glg+ L))" (16)
O k=0 ¢=0
x Gp(f— k,q) (Gp(f = fra+r)}
where Gp(f) = Tosinc (Tof) and fi,q = To(q+kQ)/(M:T).

The PSD comprises the sum of two terms. The first term,
Py (f), represents a sum of a sinc functions, each centered in
fr,q and weighed by the prototype pulse frequency response.
To understand the meaning of the second term, P»(f), we may
consider (8) and we may focus on £k =0

X (i) = A9 0)G(),
i€f0,--,Q—1}.

If Q > L, we will have X(L) = AO(L)G(L) =
A®(0)G(L). Thus, the correlation between X (i) and X (i +
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Fig. 5. Magnitude of three channel realizations generated with the statistical
top-down model.

L) is not null. Equation (16) takes into account this correlation.
For the special case of a prototype filter with rectangular
frequency response, we have Q = L so that Py(f) is null.
Consequently, the PSD simply becomes P, (f) = P1(f).

To keep the signal PSD under the mask limits, we need
to reduce the transmitted power in some frequencies, such
that P, (f) < Pmask(f). To fulfill the mask we can appropri-
ately weight the sub-channel pulse frequency response. More
precisely, we modulate the amplitude of the pulse frequency
response G(p) so that the notching mask is fulfilled. In Fig. 4,
we show an example of notching mask and CB-FMT spectrum.

V. NUMERICAL RESULTS

We evaluate the performance of the proposed CB-FMT
scheme in terms of maximum achievable rate and we perform
a comparison with the standard OFDM system. We consider
transmission over a power line dispersive channel, generated
with the statistical top-down channel model presented in [11]
and [12]. The model fits a set of large measurement campaign
reported in [13] and [14]. The measurement has shown that
the channels can be partitioned into nine classes as a function
of the average path loss profile. Three representative channel
realization belonging to classes 1, 5 and 9 have been used for
the simulation and they are reported in Fig. 5.

We model the background noise as additive colored Gaus-
sian noise whose PSD profile decreases following an expo-
nential function

PSD,(f) = 28.694 ¢ 0044F/19° _ 107 [dBm/Hz] (18)

The noise model is described in [15].

For both the OFDM and CB-FMT systems we set the
sampling frequency 1/7° = 37.5 MHz, as in the Home-
Plug standard. We choose the cyclic prefix greater than the
maximum channel impulse response length. In our case wet
set the CP equal to 4 ps. Furthermore, we impose the PSD
mask constraint as described in Section IV and in Fig. 4. To
provide a comparison, we evaluate the achievable rate with the
Shannon capacity formula. For OFDM modulation, assuming
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a CP longer than the channel duration, the achievable rate is
given by

Pa(k)>7 (19)

o = 4 T Z (1 5w

where P, (k) and P, (k) are the output signal power of the
k-th sub-channel and the output power of noise, respectively.
P, (k) takes into account both the channel attenuation and the
signal transmitted power that allows us to fulfill the notching
mask. For the CB-FMT system, we can view it as LK
equivalent parallel signal transmissions, as shown in Fig. 3.
The achievable rate is therefore given by

KL—-1

k
> log, <1+ Blb) + (;I(k)), (20)

k=0

chfmt M +,le

where P,(k), P,(k) and P;(k) are the output signal power
of the k-th sub-channel, the output power of the noise and
the output power of the interference that may be present,
respectively. Interference can in fact be present among the L
data symbols transmitted in one of the K sub-channels unless
Zero-Forcing equalization is implemented.

In our simulation, we have chosen Q =4, L =Q, N = K.
Fig. 6 shows the achievable rate for OFDM and CB-FMT
as a function of the number of sub-channels. CB-FMT has
better achievable rate for each channel class. This is because
CB-FMT has better notching capability and it is capable of
exploiting the sub-channel frequency diversity with the use of
the sub-channel MMSE equalizer.

Performance gains are attainable with increased complexity.
An efficient frequency domain implementation of CB-FMT is
proposed in [6] where it is shown that CB-FMT is significantly
less complex than conventional FMT assuming the same
number of sub-channels and pulse length. Compared to OFDM
the complexity of the CB-FMT implementation discussed in
this paper, is higher by a factor of 1.4 assuming K = 1024
data sub-channels for both systems.

VI. CONCLUSIONS

We have presented a novel multi-carrier system referred to
Cyclic Block Filtered Multitone Modulation (CB-FMT). A sig-
nificant difference and distinctive factor w.r.t. the conventional
FMT scheme is in the convolution operation. FMT uses the
linear convolution to filter the sub-channel data sequences.
Instead, CB-FMT uses the circular convolution. We have
discussed the prototype pulse design to obtain an orthogonal
CB-FMT filter bank, as well as we have proposed the use
of a simple MMSE frequency domain equalizer for frequency
selective channels. Then, we have focused on the notching
mask problem and we have found an analytic expression for
the Power Spectral Density of the transmitted signal.

Finally, numerical results have shown that CB-FMT can
provide higher achievable rate than OFDM in typical PLC
channels fulfilling severe power spectrum mask constraints.
Future work will be focused on he analysis of the com-
putational complexity and on efficient implementation. In
addition, we will study the optimization problem of the system
parameters as a function of the channel characteristics.
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