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Abstract Currently, there is a lack of standard method-
ology to characterize frequency responses of electric power
grids for power line communication purpose. As a result, fair
comparisons among measurement campaigns carried out in
different parts of the world are missing. Aiming at to deal with
this issue, this contribution discusses a complete sounding-
based methodology to estimate frequency responses of elec-
tric power grids combining sampling frequency offset error
estimation and correction, timing synchronization, channel
estimation, and channel estimation enhancement techniques.
The effectiveness of this methodology is validated by using
well-known power line channel models, as well as measured
ones, covering the frequency band from 1.7 up to 50 MHz.
The attained results show that the methodology provides esti-
mates in shorten period of time in comparison with the net-
work analyzer based methodology and because of that it is
capable of characterizing the periodically and time-varying
behavior of electric power grids. Additionally, it is shown that
the methodology can be successfully applied to characterize
frequency responses of electric equipment and, as a conse-
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quence, it is very useful for both power line communication
and power system applications.

Keywords Power grids · Frequency response ·
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1 Introduction

Aiming at to fulfill the telecommunication demands related
to Smart Grids, the electric power grids are being considered
for data communication. The technology that makes use of
the electric power grids as communication media is called
power line communication (PLC) (Gotz et al. (2004)). Then,
the knowledge and understanding of such communication
media are of utmost importance to design of reliable and
efficient PLC technologies that deal with the hardness and
limitations of a media that were developed to transmit a huge
amount of energy at very low frequency (50 Hz or 60 Hz).
In this regards, it is well known that the channel frequency
response (CFR) of a data communication medium is one of
the most relevant information because it defines the strategy
to deal with the impairments in such a kind of data com-
munication media. Based on the CFR, several features can
be extracted, such as average channel gain, coherence band-
width, coherence time, theoretical channel capacity, and root
mean squared delay spread (RMS-DS).

The CFR estimation methodologies for data communi-
cation purpose (in which the considered frequency band-
width is much broader than the mains frequency) can be
grouped into two approaches: (i) vectorial network analyzer
(VNA): where the frequency response is estimated from the
S-parameters (Tlich et al. 2008); (ii) sounding: where the
frequency response is estimated by signal generation and
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acquisition equipments together with signal processing tools
(Parsons et al. 1991).

The first class, due to its simplicity, has been widely
applied to estimate CFR in homes and vehicles (Tlich et
al. 2008; Taherinejad et al. 2012; Tonello et al. 2014; Gas-
sara et al. 2014) because the distances from the injecting
and extracting points are short. However, the use of VNA-
based approach can result in wrong estimates of the CFR
because it demands a time interval (sweep time) higher
than 100 ms to yield one estimate of the CFR while the
coherence time Tc, time interval in which the channel
impulse response is time invariant, of electric power grids
is lower than 2 ms (Corripio et al. 2006; Picorone et al.
2014).

On the other hand, the sounding approach is more suit-
able for estimating CFRs because the time interval required
to provide one measure of the CFR can be made lower than
the coherence time by choosing data generation and acquisi-
tion equipments and changing some parameters of the signal
processing tools considered in the sounding approach. Also,
this approach can offer improved performance if the distances
are long, such as in outdoor low-, medium-, and high-voltage
electric power grids.

Regarding the sounding approach, a technique that only
estimates the amplitude spectrum of a CFR, which is based
on spectrum analyzer, was discussed in Mingyue (2006).
A brief description of a channel estimation technique was
addressed in Corripio et al. (2006). The use of signal gen-
eration and acquisition equipment together with sounding
technique based on an orthogonally frequency division mul-
tiplexing (OFDM) for estimation CFR was addressed in Zim-
mermann and Dostert (2002); Barmada et al. (2010). The
weakness of these contributions is the fact that few atten-
tions are driven to the following issues altogether: (i) the
choice of channel estimation technique; (ii) the choice of
timing synchronization technique; (iii) the design of sam-
pling frequency offset (SFO) correction technique; and (iv)
the use of a channel estimation enhancement technique. In
fact, the majority of contributions pays more attention to the
characterization of communication media than on the applied
methodologies (Tonello et al. 2014; Gassara et al. 2014). A
first tentative to provide a reasonable and useful description
of a methodology for estimating CFR in electric power grids
was presented in Oliveira et al. (2013). However, a contri-
bution that presents a reliable and easy to use methodol-
ogy for estimating CFR by addressing the four aforemen-
tioned issues is missing in the literature. As a result, fair
comparisons among measurements carried out in different
parts of the world can not be correctly analyzed. Also, some
contradictory information regarding the characterization of
electric power grids as communication media have appeared
(e.g., lognormality discussion about the average channel gain
(Tonello et al. 2014; Galli et al. 2010). Therefore, it is of

utmost importance to introduce a CFR estimation methodol-
ogy that could be worldwide used.

Aiming at to deal with this issue, this contribution dis-
cusses a complete sounding-based methodology for esti-
mating CFR of electric power grids for data communica-
tion purposes. The novelty is the effective combination of
SFO error estimation and correction, timing synchroniza-
tion, channel estimation, and channel estimation enhance-
ment techniques. In this regard, the presented methodology
discusses a comprehensive description of an OFDM-based
sounding approach by addressing sampling frequency offset
(SFO) error estimation and correction, timing synchroniza-
tion, channel estimation, and channel estimation enhance-
ment techniques. The effectiveness of this methodology is
validated by well-known power line channel models, as well
as measured ones, covering the frequency band from 1.7 up
to 50 MHz. Measurement results show that the presented
methodology is capable of offering one estimate of PLC
channels per time interval as low as T f = 23.4 µs for the
chosen sampling frequency. As a result, it is possible to char-
acterize periodically and time-varying behaviors of electric
power grids because T f < Tc (Tc is the coherence time),
something that is impossible to be achieved by a VNA. Addi-
tionally, it is shown that the methodology can be successfully
applied to characterize the frequency responses of electric
equipment and, as a consequence, it is very useful for both
power line communication and power system applications.

To introduce all these technical contributions, this work is
organized as follows: Sect. 2 describes the problems related
to the PLC-channel frequency response estimation. Section 3
gives a detailed description of the proposed methodology. In
Sect. 4, the frequency-estimation results are shown, whereas
Sect. 5 draws the work conclusions.

2 Problem Formulation

For illustration purposes, the measurement setup used for
PLC channel measurement (Philipps (1998)) is depicted in
Fig. 1. In this scenario, the received signal y(t) can be mod-
eled by

y(t) = ỹ(t) + v(t) =
∫ ∞

−∞
x(τ )heq(t, τ )dτ + v(t), (1)

in which heq(t, τ ) is the linear and time-varying channel
impulse response and v(t) is the additive noise. The func-
tion heq(t, τ ) accounts for all the linear filtering to which
the signal x(t) is subject and the noise term v(t) includes
all the perturbations that affect the communication channel.
We assume that y[n] = y(t)|t=nTs = ỹ[n] + v[n], where
Ts ≥ 1

2B .
Note that heq(t, τ ) addresses the time-varying channel

model that is composed of the front/end of the transceiver
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Fig. 1 Measurement setup

Fig. 2 PLC channel model

and the communication medium, see Fig. 2. In this plot, the
boxes are labeled with h A(t), hF,Tx (t), hF,Rx (t), hC,Tx (t),
hC,Rx (t), h AGC (t), and h(t, τ ), which correspond to the
impulse-response functions of the amplifier, transmitter and
receiver low pass filter (LPF), transmitter and receiver cou-
plers, automatic gain control (AGC), and the PLC channel,
respectively. It is important to notice the bandwidth-limiting
role of both LPFs which are intended to limit the signal
bandwidth to B Hz. For a compact notation, we consider
hT (t) = h A(t)�hF,Tx (t)�hC,Tx (t) and h R(t) = hC,Rx (t)�
hF,Rx (t)�h AGC (t), where � denotes the linear-convolution
operation and we assume that heq(t, τ ) = heq(t −τ) because
the CFR estimation is carried out in a time interval lower
than Tc. The analog signal y(t) = ỹ(t) + v(t), where
ỹ(t) = x(t + Td)�hT (t + Td)�h(t) and v(t) = vr (t)�h R(t).
Also worth emphasizing is that the delay Td , which the chan-
nel adds to the transmitted signal, is unknown to the receiver
and, for this reason, has to be estimated a priori to any
processing (timing synchronization).

Now, suppose that, at the receiver side, a perfect tim-
ing synchronization has been achieved, and that after the
cyclic prefix (it is assumed that the OFDM with cyclic
prefix signal is used as sounding signal, as detailed in
Sect. 3.1) has been removed, we are left with the vec-
tors of samples of the form yi ∈ R

2N×1. By considering
heq [n] = hT (t) � h(t) � h R(t)|t=nTs and using the nota-
tion heq = {heq [0] heq [1] ... heq [Leq − 1]}T , it can be
written Heq = (1/

√
2N )W{hT

eq 0T
2N−Leq

}T , where the

superscript T denotes the transpose operation. Similarly, by
considering h R[n] = h R(t)|t=nTs and using the notation
hR = [h R[0] h R[1] ... h R[L R − 1]]T , we can write
that HR = (1/

√
2N )W[hT

R 0T
2N−L R

]T . Thus, by defin-
ing the matrix Heq = diag{Heq [0], ..., Heq [2N − 1]} and
HR = diag{HR[0], ..., HR[2N − 1]}, one can write that

Yi = 1√
N

Wyi = HeqXi + HRVr . (2)

Considering that the zero-forcing criterion is used and
with Xi = {Xi [0], Xi [1], ..., Xi [2N −1]}T , the OFDM input
symbol, known a priori by the receiver, the following channel
estimate is obtained:

Ĥeq = [
diag(Xi )

]−1 Yi = Heq + [
diag(Xi )

]−1 HRVr . (3)

At this point, a few comments related to the estimation
problem must be emphasized

– A careful choice of Xi is fundamental to render a useful
estimation of the PLC CFR, a reduced peak to average
power ratio, and a improved timing synchronization.

– A proper estimation of Td must be achieved to avoid
interblock interference.

– A proper SFO error estimation and correction is needed
to avoid the degradation of the estimates.

– a signal enhancement technique is demanded to reduce
the hardness of disturbances in the electric power grids.

3 The Methodology for Channel Frequency Response
Estimation

The CFR estimation methodology involves the following
issues, to be detailed in the subsequent subsections:

– Signal generation;
– Timing synchronization;
– Sampling frequency offset error estimation and correc-

tion;
– Channel estimation;
– Channel estimation enhancement.

3.1 Signal Generation

The modulated signal x(t) chosen to be transmitted is an
OFDM signal, occupying a bandwidth of B Hz. The OFDM
variation called Hermitian symmetric OFDM (HS-OFDM)
(da Costa Pinto et al. 2011) is adopted here as the base-
band transmission modulation scheme, as represented in
Fig. 3. In this scheme, the modulated data are submit-
ted to a serial-to-parallel converter that outputs the vec-
tor Xi ∈ C

N×1 next mapped into a vector, denoted by
Xmap,i = {Xmap,i [0], Xmap,i [1], ... , Xmap,i [2N − 1]}T ,
according to the following rule

Xmap,i [k] =

⎧⎪⎪⎨
⎪⎪⎩

� {Xi [N − 1]} , k =0
Xi [k], k =1, . . . , N − 2
� {Xi [N − 1]} , k = N − 1
X∗

i [2N − 2 − k], k = N , N +1, . . . , 2N −1

,

(4)

in which �{.} and �{.} denote the real and imaginary parts,
respectively, of a given number, and ∗ denotes the complex-
conjugation operation.
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Fig. 3 HS-OFDM transmission system

To complete the HS-OFDM generation process, a Lcp-
length cyclic prefix (CP) is inserted in each OFDM sym-
bol. To this end, let us consider xi = 1√

2N
W†Xmap,i ,

where Xmap,i ∈ R
2N×1 is the frequency domain represen-

tation of the i th HS-OFDM symbol, the matrix W is the
2N × 2N discrete Fourier Transform (DFT) matrix and (†)

the Hermitian operator. We have then, by pre-appending the
CP, the vector with the last Lcp coefficients of xi , we get
xcp,i = {xi [2N − Lcp] xi [2N − Lcp +1] ... xi [2N −1] xT

i }T .
Following this framework, the input signal to the channel

is the infinite succession of HS-OFDM symbols represented
in the discrete time-domain by

xcp[n] =
∞∑

i=−∞

N+Lcp−1∑
j=0

xcp,i [ j]δ[n − i(N + Lcp) − j],

(5)

in which δ[�] is the Kronecker delta function, with uni-
tary value for � = 0 and null for all other values of �. T f

= (N + Lcp)Ts is the period of the HS-OFDM symbol
(T f < Tc). Also, xcp,i [ j] is the j th coefficient of the vector
xcp,i .

3.2 Synchronization

In possession of the sequence {y[n]}, of length L y ,that rep-
resents the discrete signal measured at the PLC channel out-
put, the timing synchronization process is performed. It is
applied to each portion of the auxiliary sequence defined

as {y j [n]} = {y[n + �]}L j −1
n=0 , where � is varied until all

the sequence {y[n]} is analyzed and L j denotes the length
of the sequence {y j [n]} which must be properly chosen to
include an entire HS-OFDM symbol. The aim of this step
is to identify the initial sample of each HS-OFDM trans-
mitted symbol. The synchronization task is based on the CP
redundancy incorporated to the HS-OFDM symbol (Keller
and Hanzo (1996)), which can be detected through the cor-
relation between the vectors y1,l = {y j [l] y j [l + 1] . . .

y j [l + Lcp − 1]}T and y2,l = {y j [l + 2N ] y j [l + 2N
+1] . . . y j [l +2N + Lcp −1]}T . Thus, by defining the cor-
relation vector as ycorr = [ycorr (0) ycorr (1) . . . ycorr (L j

− (2N + Lcp + 1))]T , one has that

ycorr [l] = 〈
y1,l , y2,l

〉 = yT
1,ly2,l , (6)

Fig. 4 Transmitted signal

Fig. 5 Region in which the synchronism is considered correct

where the symbol 〈·, ·〉 denotes the inner product operator
and l is the lth shift of the vectors y1,l and y2,l .

To ensure that the synchronization step works properly,
it is suggested that the transmitted frame assumes the pro-
file indicated in Fig. 4. In that case, the transmitted signal is
composed of two different HS-OFDM symbols, periodically
transmitted. This configuration provides a delay and a chan-
nel estimation for each HS-OFDM symbol, with the receiver
requiring only the two HS-OFDM originally sent symbols.

Consider that the initial estimation of the synchronism
point, which indicates the initial sample of an HS-OFDM
symbol within the sequence {y j [n]} (the samples that com-
prise the CP are exuded) is given by

lsync = lmax + Lcp = arg max
l

(ycorr [l]) + Lcp. (7)

The signal transmitted over the channel suffers a time scat-
tering that is related to the channel impulse response spread.
This phenomenon introduces interblock interference (IBI)
and affects the synchronization process. If Lcp ≥ Leq there
is a region that can be considered as the beginning of the
HS-OFDM symbol. In other words, the synchronization is
correct if lsync is within the interval depicted in Fig. 5.

In practice, it is observed that the synchronism estimate,
as derived in (7), is highly affected by channel noise and
scattering effect. To circumvent this weakness, we propose
the use of the metric defined as

mt [r ] = 1

Kd

Kd∑
p=1

[
y j

(
lsync − R

2
+ r − p

)

− y j

(
lsync − R

2
+ 2N + r − p

) ]2

, (8)

where r = 0, 1, ..., R − 1. Actually, (8) evaluates the mean
square error of Kd samples that precede the lth

sync sample with
its correspondent samples displaced by 2N samples, similar
to the metric introduced in Beek et al. (1999). This calculation
is taken over the interval lsync − R/2 ≤ lsync ≤ lsync + R/2,
where R ∈ Z. Therefore, it can be observed that low-valued
coefficients within mt = {m[0] m[1] ... m[R −1]}T , where
lsync is found, are in the region of the correct synchronism.
These values tend to increase when lsync moves into the sig-
nal HS-OFDM from the boundary defined by the CP. Thus,

123



724 J Control Autom Electr Syst (2014) 25:720–731

a new synchronization point can be defined as l ′sync = lsync

− arg min
r

{mt [r ]}, where the term arg min
r

{mt [r ]} corre-

sponds to the lowest coefficient of the vector mt .
After the starting point of a HS-OFDM symbol is esti-

mated, within the current sequence {y j [n]}, a shift of � sam-
ples is performed in order to get the forthcoming sequence
{y j+1[n]}. The initial sample of the i th HS-OFDM sym-
bol in the sequence {y[n]} can be represented by n′

sync,i= l ′sync + �, where i = 0, 1, ..., K − 1 and K is the number
of obtained estimates.

As a final step in the synchronization process, we average
all starting points n′

sync,i , i = 0, 1, ..., K − 1, of the K HS-
OFDM symbols to mitigate the effect of noisy interferences,
and the final synchronism point is determined as

n̂sync = 1

K

K−1∑
i=0

n′
sync,i − (

i(2N + Lcp)
)
. (9)

This simple averaging procedure, combined with the correla-
tion-based estimate, effectively substitutes a more elaborated
estimation procedure, such as the ones based on the maxi-
mum likelihood (ML) algorithm (Beek et al. 1997) or the
minimum mean squared error (MMSE) algorithm (Chevillat
et al. 1987).

3.3 Channel Estimation

Once n̂sync is defined, we obtain the vectors ymed,i =
{ymed,i [0], ymed,i [1], ..., ymed,i [2N − 1]}T , in which
ymed,i ( j) = y[n̂sync + i(2N + Lcp)+ j], i = 0, 1, ..., K −1
and j = 0, 1, ..., 2N − 1, comprising the samples of the i th

HS-OFDM symbol not including the CP samples.
The problem remaining is to select which HS-OFDM sym-

bol, either A or B, the vector ymed,i belongs to. Let the vectors
xi ∈ R

2N×1 be the distinct HS-OFDM transmitted symbols.
As the transmitted signal has two different HS-OFDM sym-
bols in it, we can now calculate the correlations operations
corrA,i = 〈

xA, ymed,i

〉
and corrB,i = 〈

xB, ymed,i

〉
and state

the following decision rule:
If corrA,i > corrB,i , then the vector ymed,i corresponds

to the symbol HS-OFDMA;
Else if corrA,i < corrB,i , then the vector ymed,i corre-

sponds to the symbol HS-OFDMB ;
Else if corrA,i = corrB,i , then the vector ymed,i is dis-

carded.
Let the i th CFR estimate designated by Ĥeq,i = Ĥeq,i [0],

Ĥeq,i [1], . . . , Ĥeq,i [2N − 1]T . With the notation Ymed,i

= (1/
√

2N ) Wymed,i and Xmap,i = (1/
√

N ) Wxi , by apply-
ing the zero-forcing criterion, we thus have that

Ĥeq,i = [
diag(Xmap,i )

]−1 Ymed,i . (10)

3.4 Channel Estimation Enhancement

The effects of additive channel noise on the frequency-
response estimates given by (10) can be significantly reduced
by deploying the procedure described as follows.

The estimate of the CFR can be rewritten as Heq

= √
2Ndiag{F2N ,2N heq,ext }, where F2N ,2N is the 2N × 2N

matrix with 2N > Leq , that is applied to the inverse discrete
Fourier transform (IDFT), and heq,ext = {h[0], h[1], . . . , h
[Leq − 1], 0, . . . , 0}T is the extended version of the channel
impulse response with 2N − Leq zeros appended.

If the received signal is corrupted by the additive noise,
the last coefficients in the channel impulse response, derived
from the IDFT of (10), should be different from zero. Assum-
ing that the length of the impulse response is such that
Leq < Lcp 
 2N , then it becomes clear that the last sam-
ples of the estimated channel impulse response are just noisy
coefficients that can be disregarded (Cardoso et al. (2009))
to attain a more reliable estimate. Since, in practice, the true
value of Leq is unknown, a reasonable assumption here is to
consider Leq = Lcp. The matrix Wo that projects a given 2N -
length vector onto this Lcp-dimension subspace is given by
Wo = F2N ,Lcp (F

†
2N ,Lcp

F2N ,Lcp )
−1F†

2N ,Lcp
, where F2N ,Lcp

is a 2N × Lcp matrix containing the first Lcp columns of the
2N -point DFT matrix. Thus, an improved channel estimate
for the i th CFR is given by

Ĥ
w
eq,i = WoĤeq,i . (11)

3.5 Sampling Frequency Offset Error Estimation and
Correction

When the frequency of the clock in the signal generator and
the acquisition equipment are different then sampling fre-
quency offset (SFO) error occur. The SFO can result inse-
vere degradation of the estimates, as discussed in Chiueh
and Tsai (2007). When the distances between the ejecting
and the extracting points are short, a cable can be used in
order to guarantee the same clock in both transmitter and
receiver equipments. On the other hand, for large distances
some signal processing tools must be applied to estimate the
SFO and provide its correction.

The SFO can be estimated from two consecutive received
OFDM symbols, using

SFOerror = 1

2N + Lcp

(
arg max

s

{
|ĥw

eq,i+1[s]|
}

− arg max
s

{
|ĥw

eq,i [s]|
})

, (12)

where s = 0, 1, ..., 2N−1. Also, the estimate of the SFOerror

can be enhanced by averaging the values in a vector ε where
each coefficient corresponds to the error from each pair of
consecutive CIRs, and is now defined as μSF Oerror .
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Based on the μSF Oerror value, a new sequence {z[n]} can
be obtained through a interpolation technique using (Gardner
et al. 1993)

z[n] =
L p∑

λ=0

μλ
n

I−1∑
	=0

bλ[	]y[mn − 	], (13)

where I is the number of taps if the interpolating filter
is one of finite impulse response (FIR), L p is the poly-
nomial’s degree, bλ[	] are independent coefficients, μn =(
1 − μSF Oerror

) − mn , and mn = �n(1 − μSF Oerror )�, in
which �x� = max{m ∈ Z|m ≤ x} denotes the largest inte-
ger not exceeding x . The values of the coefficients bλ[	] and
the quantities L p and I can be obtained in Erup et al. (1993).
The procedure for SFO estimation and correction is summa-
rized in Algorithm 1.

Note that the correction of the SFO error will be performed
using the enhanced CIR estimates, ĥ

w
eq,i , and will result in

the signal {z[n]}. Then, the methodology is applied again,
but the signal {y[n]} is replaced for {z[n]}.

Algorithm 1: SFO error estimation and correction algo-
rithm.

Data: {y[n]},ĥw
eq

Result: {z[n]}
Initialization: i = 0, n = 0;
while i ≤ K − 2 do

ε[i] =
1

2N+Lcp

(
arg max

s

{
|ĥw

eq,i+1[s]|
}

− arg max
s

{
|ĥw

eq,i [s]|
} )

;

i = i + 1;
end
μSF Oerror = 1

K−1

∑K−2
i=0 ε[i];

while n ≤ L y − I do

z[n] = ∑L p
λ=0

((
1 − μSF Oerror

) − int
[
n(1 − μSF Oerror )

])λ

∑I−1
	=0 bλ[	]y[mn − 	];

n = n + 1;
end

3.6 Trigger Source Circuit

The circuit shown in Fig. 6 can be used in cases when the
channel variability with respect to the zero crossing of the
power fundamental signal is analyzed. The component U1
is an opto-transistor that works as a switch that is closed
every time that its polarization condition is satisfied. The
signal vout (t) can be used as a trigger that starts the measure-
ments performed by the data acquisition equipment. With
this triggering device, the first estimation corresponds to the
HS-OFDM symbol received immediately after the detection
of a zero crossing fundamental signal. As a result, it is pos-
sible to correlate the CFR estimates of the PLC channel with

Fig. 6 Power line fundamental signal synchronization circuit

the periodicity of the main voltage signal (50 or 60 Hz) of
electric power grids.

3.7 General Overview

The general structure of the algorithm for channel estima-
tion, following all stages detailed above, is summarized in
Algorithm 2.

4 Experimental Results

The results obtained using the presented methodology will
have its discussion divided in three parts. In the first part,
the performance of the presented methodology is evaluated
using a well-known PLC channel model. In the second part,
the methodology is analyzed on the measured data taken in
real electric power grids. And finally, in the least part will
be illustrated some results when considering the frequency
response estimation of some electrical devices. In all cases,
the adopted sampling frequency is 200 MHz and the analysis
covers a frequency bandwidth from 1.7 up to 50 MHz to agree
with the telecommunication regulation for PLC technology
in Brazil (ANATEL (2009)). The transmitted signal features
and adopted parameters are listed in Table 1. The number of
symbols and the value L j match with the requirement men-
tioned in Sect. 3.2, in order to ensure that the synchroniza-
tion process works properly. The binary phase shift keying
(BPSK) modulation was chosen due to its simple implemen-
tation and because it results in a very low peak to average
power ratio (PAPR). The number of sub-carriers gives a fre-
quency resolution of, approximately, 48.8 kHz, lower than
the coherence bandwidth of indoor PLC channels. Further-
more, the symbol duration (T = 23.04 µs) is made much less
than 600 µs, which is the shortest coherence time of indoor
PLC channels, according to Corripio et al. (2006). The length
of the CP was chosen based on Martinez et al. (2010) in which
the influence of this parameter was evaluated in more than
160 types of indoor PLC channels, measured in 20 differ-
ent places. Finally, the last three parameters in Table 1 were
heuristically chosen.
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Algorithm 2: PLC channel estimation algorithm.
Data: {x[n]},{y[n]}
Result: Ĥ

w

i
Initialization: � = 0, i = 0 ;
while � ≤ L − L j do

{y j [n]} = {y[n + �]}L j −1
n=0 ;

for l = 1, 2, ..., L j − (2N + Lcp + 1) do
ycorr [l] = 〈

y1,l , y2,l
〉 = yT

1,l y2,l ;
end
lmax = arg max

l
(ycorr [l]);

lsync = lmax + Lcp ;
for r = 0, 1, ..., R − 1 do

mt [r ] = 1
Kd

∑Kd
p=1

[
y j

(
lsync − R

2 + r − p
)−

−y j
(
lsync − R

2 + 2N + r − p
) ]2

;

end
l ′sync = lsync − arg min

n
mt [n];

n′
sync,i = l ′sync + �;

i = i + 1;
� = n′

sync,i + Lcp

end

n̂sync = 1

K

K−1∑
i=0

n′
sync,i − (i(2N + Lcp));

i = 0;
while i ≤ K − 1 do

ymed,i =
{

y
[
n̂sync + (i × (2N + Lcp))

]
,

y
[
n̂sync + (i × (2N + Lcp)) + 1

]
, ...

..., y
[
n̂sync + (i × (2N + Lcp)) + 2N − 1

]}T

;

corrA,i = 〈
xA, ymed,i

〉
;

corrB,i = 〈
xB , ymed,i

〉
;

if corrA,i > corrB,i then Ĥeq,i = [
diag(Xmap,A)

]−1 Ymed,i

if corrB,i > corrA,i then Ĥeq,i = [
diag(Xmap,B)

]−1 Ymed,i
else the vector ymed,i is discarded

Ĥ
w

eq,i = WoĤeq,i ;
i = i + 1;

end

4.1 Performance Analysis: PLC Channel Model

A simulated environment was used to evaluate the perfor-
mance of the presented methodology. Table 2 summarizes the
parameters of a well-known multipath PLC channel model
that was used with this purpose, where gi and di are, respec-
tively, the gain and the length in meters associated with the
i th path. The magnitude of frequency response of this chan-
nel is depicted in Fig. 7a, while Fig. 7b shows its impulse
response.

Figure 8 shows the values of the coefficients of the vec-
tor mt that are used in the synchronization process. Notice
that the position 80 refers to the initial estimation of the syn-
chronization point (lsync). Moreover, in Fig. 8, the region of
correct synchronism, as discussed in Sect. 3.2 (see Fig. 5),

Table 1 Transmitted signal features and values of the parameters used
by the PLC frequency response estimation algorithm

Number of HS-OFDM symbols 2

Modulation BPSK

Number of sub-carriers N = 2048

CP length Lcp = 512

Symbol duration T f = 23.04 µs

Length of the sequence {y j [n]} L j = 9216

Number of samples used to compute mt Kd = 8

Number of shift in the vector mt calculus R = 128

Number of symbols in the synchronism step K = 36

Table 2 Parameters of an outdoor PLC channel model (Zimmermann
and Dostert (2002))

i 1 2 3 4

gi 0.64 0.38 −0.15 0.05

di (m) 200.00 222.40 224.80 267.50

k = 1 a0 = 0 a1 = 7.8 10−10
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Fig. 7 Simulated PLC channel. a Magnitude function. b Impulse
response
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Fig. 8 Coefficients of the vector mt

can be easily observed as the one with smaller values for the
coefficients of the vector
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Fig. 9 Estimation of the correct synchronism point related to the num-
ber of HS-OFDM symbols
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Fig. 10 Evaluation of the synchronism technique

Figure 9 shows as the average value of the synchronism
point (n̂sync) varies with the number of considered HS-
OFDM symbols. The vertical axis refers to the displacement
of the estimated synchronism point with respect to the bound-
ary defined by the CP. The positive values refer to the number
of samples in that the synchronism point advances into the
HS-OFDM symbol. On the other hand, negative values refer
to the distance of the synchronism point to the ideal point
(with value 0) into the CP. Notice that this last procedure
plays a key role in the synchronization step, since individual
estimates of the synchronism point can present a high error
ratio (see Fig. 10).

The performance of the synchronism process is depicted
in Fig. 10. In this case, the analysis was made with the sig-
nal transmitted through the PLC channel model and with
additive white Gaussian noise (AWGN) by considering a
signal-to-noise ratio (SNR) from 0 up to 30 dB, in steps
of 5 dB. The simulation was taken over 1024 symbols for
each SNR. The first number of the legend in the graphic is
related to the Kd samples used when determining mt and
the second number refers to the shift R performed in the
vector mt . As can be seen in this figure, for R = 32 the
synchronism point is erroneously estimated within the sym-

Table 3 Mean MSE between the simulated and estimated CFR

Type of estimate MSE (dB)

Single −39.42

Mean of 2 −42.56

Mean of 4 −45.73

Mean of 8 −48.84

Mean of 16 −52.01

Single enhanced −48.84

bol HS-OFDM almost all the time. For R = 128, the syn-
chronism is correctly estimated more than 55% of the cases,
reaching more than 70% for Kd = 8 and SNR = 30 dB
The best result in Fig. 10, referred to as ‘average’ in the leg-
end, is related to te last procedure of the synchronization
step, given by Eq. (9), considering K = 140, Kd = 2 and
R = 128.

The improvement obtained with the use of the enhance-
ment procedure was evaluated by considering the mean
square error (MSE) metric. On that sense, the MSE between
the simulated and estimated (with enhancement procedure)
CFRs can be compared to the MSE between the simu-
lated frequency response and the CFR estimated without
the enhancement procedure. Furthermore, the comparison
was made with respect to the MSE between the simu-
lated frequency response and those from average of estima-
tions (largely applied for noise interference mitigation, see
Corripio et al. (2006). This comparison was made consider-
ing ideal synchronism condition. Results for several scenar-
ios varying the SNR from 0 up to 30 dB, in steps of 5 dB,
were examined (1024 channel estimations were taken for
each scenario and the noise is the AWGN) and considering
the average of 2, 4, 8, and 16 channel estimations – for the
MSE calculus was taken 1024 averaged estimations for each
SNR. Results for SNR equal to 20 dB are summarized in
Table 3. It is important to notice that each time the amount
of channel estimates used in the average is folded, the MSE
is reduced by approximately 3 dB. On the other hand, the
proposed enhancement procedure improves the estimation
in almost 10 dB in all frequencies, which is very similar
with the performance obtained to the average of 8 estima-
tions. It is important to keep in mind that the larger the
number of estimates greater the time interval from which
it represents. Also, it is important to mention that similar
improvements were observed in all tested SNRs and, fur-
thermore, that the enhancement procedure has an important
impact in the estimated frequency response of PLC chan-
nels. In fact, the enhanced estimate makes use of only one
coarse estimate of the PLC CFR and results in a smooth and
enhanced curve, as can be seen in Fig. 11 for the SNR equal to
20 dB.
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Fig. 11 Comparison of estimates with and without the proposed
enhancement procedure

4.2 Performance Analysis: Real PLC Scenario

In this section, the results presented were obtained from mea-
surements tacked in typical apartments in Brazil. The trans-
mitter signal was generated offline and loaded into an arbi-
trary waveform generator system of 14 bits of resolution, and
the receiver was a 16-bit digitizer, both equipments operat-
ing with the same clock frequency of 200 MHz. The clock
in both equipments was forced through a cable be the same.

4.2.1 Comparison Between the Methodology and the VNA

In Fig. 12 is depicted the magnitude of two measured PLC
channels. In both graphics are plotted the measures obtained
by the presented methodology and the VNA (E5061B from
Agilent). It is very important to highlight the differences
between the measures. While the presented methodology
gives an estimate each 23 µs, approximately, the VNA
demands a time interval more than 300 ms, for a frequency
resolution close to those presented by the methodology. So,
one estimate of the PLC channel given by the VNA can rep-
resent distinct PLC channels in different frequency intervals.
This must be the main reason for some discrepancies pre-
sented in Fig 12 between the estimates from the presented
methodology and that one obtained with the VNA. Based on
CFR estimates of real PLC channels it can be noted that the
presented methodology can offer good results in comparison
with the VNA.

4.2.2 Estimation of Real CFR

Figure 13 shows magnitude response of PLC channel in a
typical apartment in Juiz de Fora, Brazil, as an example of
the application of the presented methodology. This figure
shows how CFRs can be different in an indoor electric power
grids.

5 10 15 20 25 30 35 40 45 50
−40

−35

−30

−25

−20

−15

−10

−5

Frequency (MHz)

M
ag

ni
tu

de
 (

dB
)

Methodology
VNA

(a)

5 10 15 20 25 30 35 40 45 50
−45

−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (MHz)

M
ag

ni
tu

de
 (

dB
)

Methodology
VNA

(b)

Fig. 12 CFR estimates of real PLC channels with the presented
methodology and by using a VNA. a PLC channel #1. b PLC chan-
nel #2
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Fig. 13 Magnitude of the frequency response of seven measured PLC
channels

In order to verify the performance of the presented
methodology to estimate a periodically and time-varying
PLC channel, a drill feeded by a source based on silicon
controlled rectifier (SCR’s) was connected in the power line
under investigation. The estimate of the CFR can be seen
in Fig. 14a, where the color bar denotes the channel gain in
decibel and the measurement was triggered by the circuit of
Fig. 6. As the main frequency in Brazil is 60 Hz, the changes
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(a)

(b)

Fig. 14 Magnitude of CFR estimates of PLC channels. a Periodically
time-varying PLC channel. b Time invariant PLC channel

occur approximately around every 8.33 ms (a half cycle of
the main frequency). In the analyzed case, these behavior can
be clearly verified in some frequencies around 6 and 27 MHz.
Figure 14b shows the CFR of successive measures of time
invariant PLC channels. These figures are composed of more
than 2, 000 consecutive CFR. This is a kind of result that is
impossible to be obtained with the VNA because its sweep
time is higher than 300 ms.

4.3 Performance Analysis: Application on Electrical
Devices

It is well known the applicability of the frequency response
of electrical devices to support several analysis (Platero et
al. 2011; Marek and Jakub 2004; Zhongdong et al. 2009). In
order to illustrate the flexibility of the presented methodol-
ogy, in Fig. (15) is portrayed the magnitude estimates of the
CFR of some electrical devices. Again, the CFR estimates
obtained through the methodology are compared with those
from the VNA. In Fig. 15a the comparison is performed under
the coupler circuity used to avoid damages in the equipments
involved on the PLC channel measurements. It is clear its
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Fig. 15 Comparison between magnitude of the frequency response
estimate obtained by the presented methodology and the VNA. a PLC
coupler circuity b Transformer #1 c Transformer #2

behavior as a low pass filter, blocking the main voltage sig-
nal (50 or 60 Hz) of the power lines. Figures 15b and c shown
the CFR of two monophasic transformers. The transformer
#1 is of 18 VA while transformer #2 is of 1 kVA.

These plots show the effectiveness of the presented
methodology because the estimate of the magnitude func-
tion present low differences in comparison with the VNA.
This and several other comparisons confirm that the pro-
posed methodology is useful for estimating CFR of the elec-
tric power grids and electrical devices.
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5 Conclusion

This contribution detailed a complete methodology to esti-
mate CFR of electric power grids for power line communica-
tion purposes. The presented methodology incorporates fre-
quency sampling offset error estimation and correction, tim-
ing synchronization, channel estimation and channel estima-
tion enhancement that improve the quality of the frequency
response estimates. The reported results, based on both syn-
thetic and measured data, showed the effectiveness of pro-
posed methodology. By using PLC channel models, it was
verified that all techniques in the methodology contribute
to offer reliable estimates of CFR. Moreover, the presented
methodology is capable of estimating CFR of both linear time
invariant and linear and periodically time-varying PLC chan-
nels in low voltage and indoor electric power grids, while
the VNA can only characterize linear time invariant PLC
channels. The efficiency of the described methodology was
corroborated by experimental results in which estimates of
CFR of a PLC coupler and monophasic transformers were
compared to estimates provided by a VNA. Based on the
attained results, the presented methodology can be very use-
ful for both power line communication and power system
applications.
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