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Abstract: Aiming at the nonlinear, non Gaussian and time-varying characteristics of power line channel, a comb-type
pilot arrangement channel estimation scheme combined PF algorithm and linear interpolation method is proposed. In the
proposed scheme, firstly the indoor power line channel has measured using the pseudo-noise (PN) correlation method,
and an autoregressive (AR) model has set up to describe the measured channel. Then, channel estimation for the
measured channel at the pilot frequencies is exploited PF algorithm, while at the data frequencies is obtained by linear
interpolation method. Furthermore, the performances of channel estimation schemes respectively based on least square
(LS), kalman filtering (KF), unscented Kalman filtering (UKF) and PF algorithm have been compared. Simulations have
shown that PF algorithm is particularly useful in dealing with nonlinear and non-Gaussian problems such as power line
channel estimation, so the proposed scheme based on PF achieves higher estimation accuracy and better performance
than the other schemes. Meanwhile, it is confirmed that PF algorithm has its own unique advantage in dealing with the

power line channel estimation.
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1 INTRODUCTION

Power line communication (PLC) is a novel access
technology which makes the use of the present power line
resources efficiently. However, PLC also faces its own set
of obstacles and technical challenges. Due to load
fluctuations in the power system, PLC channels experience
time-varying, frequency-selective fading in multipath
propagation and represent a non-linear behavior [1, 2].
Moreover, transfer function of the power lines depend of
location, topology network, connected loads, and is
impaired by colored and impulsive noise [3]. Orthogonal
frequency division multiplexing (OFDM) has been of
major interest for PLC [4, 5] due to its high data rate
transmission capability and its robustness to multi-paths
delay spread. However, in order to ensure the good
performance of OFDM systems, channel estimation is
crucial for coherent detection in OFDM systems.

There are basically two ways to tackle the problem of
channel estimation: pilot aided channel estimation schemes
and blind channel estimation schemes. In the former case,
some previous researches on channel estimation in OFDM
have been widely investigated in the literature [6-9]. This
method is the most popular channel estimation techniques,
but it reduces band efficiency of the system significantly. In
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the term blind channel estimation schemes, there is some
literature discussing channel estimation in OFDM based
communications [10-15].The major advantage of this
scheme is that the pilot symbols do not need to be
transmitted, so the spectrum utilization of the system is
improved. However, the method has large amount of
calculation and slows down the convergence. For these
reasons, it is not suitable to track the time-varying fading
channels in the presence of fast channel variations.

Kalman filtering (KF), extended Kalman filtering (EKF),
unscented Kalman filtering (UKF) and Particle filtering (PF)
has been employed for channel estimation in OFDM
systems [16-24]. However, such KF, EKF, UKF solution
works reliably only if the underlying assumption on the
Gaussianity of the noises and state hold. PF is one kind of
sequential Monte Carlo simulation method based on the
Bayesian principle, which is a powerful tool for dealing
with difficult nonlinear and non-Gaussian problems [25].
The distinct advantage for PF solution is that it relaxes the
assumptions on the distributions of noise and state.
However, at the author acknowledges a minor effort has
been carried out for exporting, analyzing, and optimizing
channel estimation techniques based on PF algorithm in the
PLC networks’ environment. Power line channel is a class
of nonlinear time varying system and its noise distribution
is complex, PF algorithm has the obvious advantages for
power line channel estimation. Furthermore, power line
channel can be described by an autoregressive (AR) model
[26]. Therefore, a comb-type pilot-aided channel
estimation scheme for OFDM power line communication
based on PF algorithm is proposed in this paper. In the
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proposed scheme, firstly the indoor power line channel
impulse responses exploiting the pseudo-noise (PN)
sequence’s excellent periodic autocorrelation properties is
measured, and an AR model to describe the measured
channel is built; then the estimation of the measured
channel at the pilot frequencies is based on PF method, and
a simple linear interpolation method have been used to
estimate the measured channel response at the data
frequencies.

The rest of this paper is organized as follows. Section 2
introduces  measurement method, principle and
measurement results based on PN correlation method for
power line channel. Section 3 describes OFDM system
structures based on power line channel. The proposed PF
algorithm for power line channel estimation is presented in
more detail in Section 4. Simulations results are presented
in Section 5 and the conclusions are given in Section 6.

2 Channel measurements for indoor power line
communication

Fig.1 illustrates the channel sounding measurement system
[27]. PN sequences are easily generated using linear
feedback shift registers, and they possess excellent periodic
autocorrelation properties. Therefore, let periodic PN
sequence be the transmitting signals. PN sequence with the
chip rate of 20MHz is realized by Agilent signal generator,
and is injected into the power line by coupler. The received
signal is over-sampled at the rate of 100MS/s by digital
oscilloscope, and then is saved by PC. After completing
measurement  process, over  sampled  signals
cross-correlated with the reference PN sequence on PC to
give channel impulse responses. In the actual measurement
system, receiver and transmitter realize measurement
synchronization using the Agilent signal generator’s
synchronous port to trigger the digital oscilloscope.
Therefore, the reliable amplitude and phase frequency
response characteristics can be obtained.

Digital PC
bscilloscope,

Fig. 1 Block diagram of the power line channel synchronous measurement
system
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st Coupler
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The indoor PLC channel transmission characteristics are
measured with length 250m in a laboratory. Sounding
parameters are as follows: the chip rate of PN sequence is
20MHz, the number of the linear feedback shift registers is
7, and sampling rate of the digital oscilloscope is 100MS/s.
In order to verify sounding method’s correctness, the
channel sounding in frequency domain is generally
implemented by using the vector network analyzer (VNA)
to compare the sounding results based on PN correlation
method.

Fig. 2 is the synchronous measurement results for power
line channel. Fig. 2(a) is the channel normalization impulse
responses. Fig. 2 (b) shows the channel amplitude
frequency response characteristics and its comparison with
VNA'’s sounding results. Fig. 2 (c) is the channel phase
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frequency characteristics and its comparison with VNA’s
sounding results. Here, Fig. 2 (b) and Fig. 2 (c) show the
measurement results by PN sequence as a black line. The
measurement results by VNA are shown as the grey line.
These sounding results are basically consistent with each
other which have demonstrated the efficiency of the
measurement method. Meanwhile, In Fig.2 (a),
significant delay-spread is shown. The reasons are power
line does not have a well defined characteristic impedance.
The reflections from terminations can cause the structure
seen (deep nulls) in the transmission characteristic and
“ringing” which increase the delay spread. Fig.2 (b) shows
distinct frequency selective notches at certain frequency.
These results indicate power line channels experience
frequency-selective fading in multipath propagation and
represent a non-linear behavior. Therefore, PF algorithm is
proposed for power line channel estimation with its
powerful capacity of dealing with nonlinear and
non-Gaussian problems.
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3 OFDM System model based on power line
channel and its channel state-space model

Consider an OFDM system model based on power line
channel employing N subcarriers. The bits to be transmitted
are first mapped onto constellation points X (k) . The

quadrature phase shift keying (QPSK) is considered. The
modulated data X (k) are modulated in blocks of N,

adopting an N-point inverse fast Fourier transform (IFFT).
The comb-type pilot assignment, which the pilot signals are
uniformly distributed within each OFDM block, has been
exploited. It has a higher retransmission rate with the
assumption that the payloads of pilot signals of the two
arrangements are the same. Therefore, the comb-type pilot
arrangement system provides better resistance to
fast-fading channels.

Assuming the N, pilot signals X7 (), m = 0,L,-++,N, =15

are uniformly inserted into X (k) . Then the total N
subcarriers are divided into N, groups, each with

L= N/ Np adjacent subcarriers. In each group, the first

subcarrier is used to transmit pilot signal. Therefore the
OFDM signal modulated on the kth subcarrier can be
expressed as
X?(m) =0
X(E)y=X(mL+1) {information data /=1,2,..,L-1 B
)

In order to eliminate any interference between adjacent
OFDM symbols, the guard interval is inserted.
Paralleling-to-serial (P/S) conversion, the transmitted
signal is sent to a frequency selective multipath fading
channel. At the receiver, after removing the guard interval,
the received samples are sent to a fast Fourier transform
(FFT) block to demultiplex the multi-carrier signals.
Assume that the guard interval is longer than the length of
channel impulse response. Y(k) can be represented by

Y(k)= X (k)H (k) +W (k),k=0,1,---,N -1(2)
where W (k) is the Fourier transform of the channel
additive Gaussian noise w(n) .

The received pilot signals ¥, (k) are extracted form ¥ (k),
the channel transfer function H (k) can be obtained from the
information carried by H (k) . With the knowledge of the
Hk) , the
samples X (k) can be recovered by simply dividing the

channel responses transmitted  data

received signal by the channel response:

_Y) 3
Ak 3)
where H(k) is an estimate of H(k) . After signal

demapping, the source binary information data are
reconstructed at the receiver output.

Coherent OFDM detection requires channel estimation and
tracking. A channel estimation scheme in OFDM power
line communication based on PF algorithm is proposed.
The basic idea of the proposed scheme is that AR model is
set up for the power line channel namely the system state

X (k)

equation. At the receiver, the measurement equation is
built, and then the real-time estimation for the current
channel state is obtained through the current time of the
observation information and the previous time channel
state. Based on the idea mentioned above, the following
state-space model is obtained.

Y'=X"H'+W! (4)

H! =AH? +V! (5)
where ¥ =[Y?(0), Y’ (N, ] , X’ =diag{[X?(0) -, X" (N, -]}
wr=[wr(0),-- ,Wr(N !,—1)]T denote the received signal,
the transmitted signal and the system noise in pilot
subcarriers, respectively for the nth OFDM symbol. W/ is
the additive white Gaussian noise (AWGN) with variance
oF . H=[H OH (O HN,~D[ V2 =[72O) <7 (N, D] ar
e the channel response of pilot carries and the state noise at
time n, respectively. V) is the Gaussian noise process
N(0,1). A is the parameters of the AR model. Its initial
value can be obtained through the zeroth-order Bessel
function of the first kind J,(2nf,T) . Here, f; is the
maximum Doppler frequency spread, 7 is the OFDM
symbol duration.

4  Particle filtering based channel estimation in
OFDM power line communication

4.1 Particle filtering algorithm

Particle filtering algorithm using the non-parametric Monte
Carlo simulation method can achieve recursive Bayesian
filtering. Its basic idea includes the recursive computation
of relevant probability distributions using the concepts of
importance sampling and approximates the posteriori
probability distribution with discrete random measures.

The problem is now to track H/ , as the new observation

vector Y/ is received. According to the theory of particle

filtering, given the posteriori distribution is p(%,,

o1 at
time n-1. Through prediction stage and update stage, a prior
distribution p(h!
formulation in (6) and (7).

Pt |yt )= P!

i) at time n can be obtained from

h_Dp(h| yh,_)dn),

p(yy | W) p(hy
P(y: y]/:)n—l

)= pGL| AP | ¥E,)dh! There s
integral calculation in Eq. (6) which is computationally

expensive. In generally, the SIR algorithm is exploited to
approximate the a posteriori distribution. We draw

N, samples, {&, W (N, is the total number of particles),
Bt Vo)

Then, the posteriori distribution at time n can be
approximate as Eq. (8).

(6)

Vi)

p(h)| i) = @

where p(y?

from the importance density, that 4, ~q(h}

p(ht,

W)=Y @, -k, (8)
s=1
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Therefore, recursively computes the particle weights as
P ALY ALY
ST VAT

In order to reduce the computational complexity, the

transitional prior p(h!|h”)is chosen for the importance

density in the paper. Therefore, the particle weight updating
formula can be simplified as

@, = @, ,p(y,|h,) (10D
4.2 Channel estimation based on particle filtering and
linear interpolation for OFDM systems

Based on the state-space model, the channel response at the
pilot frequencies can be estimated using PF algorithm.
Then, the channel response of data subcarriers will be
estimated by linear interpolation. The detail steps to
implement the PF algorithm in power line channel for
estimation the channel response at the pilot frequencies are
given as follows:

Step 1 Initiate a set of N, particles {H\",i=1,2,---,N,}
using the least square (LS) algorithm based on come-type
pilot and the received signal ¥;” . The weight of all particles

is /N, . Here N, is the total number of particles.

Step 2 Approximately obtain the channel frequency
response H ” at time n from Eq. (4) and get a new set of
N, particles H" from H”, (i=12,---,N,).

Step 3 Update the weights as Eq. (12) and normalize weight
as Eq. (12).

P PHP
i -xpA;

20° (11)

‘z

ﬁp) = 1

(5]
n—l\/ﬂo_

) — (D) 14
wn - wn—lp(yn

N,
o) =0 Y@, (12)
i=1
Step 4 Calculate the effective particles size as
N, )
Ny =1/ (a") (13)
i=1

If N, >N, (N, is the threshold of the effective number
for particles, here N, = N, /4), the program goes to step 5.

Otherwise, resample and reset the weights 1/N, for
particles.

Step 5 calculate the more accurate estimation value for the
channel response in pilot subcarriers at time n

N
HY =3 o/H (14)
i=1
Step 6 n=n+1, then the program goes to step 2.
After obtaining the estimated channel H? at the pilot

frequencies using PF algorithm, an efficient interpolation
technique in comb-type pilot based channel estimation is
necessary in order to estimate channel at the data frequency
by using the channel information at the pilot frequencies.
The simple linear interpolation method for power line
channel estimation is shown to perform better than
Gaussian interpolation, cubic interpolation and spline
interpolation in [28]. Therefore, in this paper linear
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interpolation method is used to estimate the channel
response at the data frequencies. Specifically, the channel
estimation at the data subcarrier k, mL <k <(m+1)L  using
linear interpolation is given by:

H, (k)= H,(mL+1)=(H? (m+1) —H:<m))%+ H? (m) (15)
where0</< L .

5 Simulation results

In this section, computer simulations are performed on to
confirm the performance of the proposed scheme. In
particular, the power line channel measurement results
mentioned in Section 2 are utilized for channel estimation.
1) Description of simulation

The simulation environments are as follows. The FFT size
is 1024. The subcarrier number N is 460, the pilot number
is 30 and the interval between two pilots is 16 subcarriers.
The number of sample of the CP is 256. Each frame data
contains 36 OFDM symbol. For PF algorithm, the number
of the particles is 100, and processing 500 times Monte
Carlo. The threshold for SIR is 0.25. In order to verify PF
algorithm is suit for power line channel estimation, three
channel models are used in the simulations. The 1st channel
model is the measured power line channel mentioned
above. The 2nd channel model is the Gaussian channel and
the 3rd channel model is the multi-path Rayleigh fading
channel. The performance of the proposed channel
estimation scheme based on PF algorithm over these
channel models will be compared.

Assume  that accurate timing and frequency
synchronization are perfect at the receiver since the aim is
to observe channel estimation performance. Furthermore,
assume that choosing a cyclic prefix of time length to be
greater than the maximum delay spread in order to preserve
the orthogonality of the subcarriers and avoid inter-symbol
interference among consecutive OFDM symbols. The
comb-type pilot-aided channel estimation at pilot
frequencies is performed by using LS, KF, UKF and PF
scheme, and then linear interpolation is applied to all of
schemes estimation result to compare overall estimation
results. Simulations are carried out for different signal noise
ratio (SNR) values and for different subcarrier modulation
mode.

2) Simulation results and discussion

The results of computer simulations are shown from Fig.3
to Fig. 7. The legends “LS+linear interp., KF+linear interp.,
UKF+linear interp., PF+linear interp.,” denote linear
interpolation schemes of comb-type channel estimation
respectively with the LS, the KF, the UKF and the PF
estimate at the pilot frequencies.

Fig. 3-5 compare the bit error rate (BER) performance
among PF, LS, KF and UKF channel estimation scheme
over power line channel, multi-path Rayleigh fading
channel and Gaussian channel, respectively. The
simulation is performed with the QPSK modulation mode.
Compared these figures, some simulation analysis results
can be obtained as follows.

(1) The BER performance of LS algorithm combined with
linear interpolation method is the worst compared with that
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of other channel estimation schemes. This is because that,
for LS algorithm, the influence of noise is ignored during
channel estimation process.

(2) The performance respectively based on PF, KF and
UKF scheme is better than LS scheme. The result is
expected since the estimator error of PF, KF and UKEF is
calculated during the iterative process and descends with
the increase of the number of iterations.

(3)The proposed channel estimation scheme based on PF
algorithm achieves a better performance than KF, UKF
estimation techniques especially for high SNR. This is
reasonable since power line channel present a nonlinear
behavior and PF algorithm has the advantages to cope with
this problem. However, KF algorithm is suit to cope with
linear and Gaussian problems. Although UKF algorithm
through unscented transformation can used to solve the
nonlinear problem, but the calculation precision for
nonlinear distribution variables is limited.

(4) The BER gap for all estimation schemes among these
channel models ranges from the maximum to the minimum
as follows: Gaussian channel, power line channel and
multi-path Rayleigh fading channel. The reason is the
performance of Gaussian channel is much better than that
of power line channel and Rayleigh fading channel, namely
the improvement of the estimation precision based on the
proposed scheme is the maximum among all the estimation
schemes. It again verifies that the proposed scheme based
on PF algorithm is more suited to deal with power line
channel estimate.
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Fig. 4 BER performance for different estimation schemes over Rayleigh
fading channel (QPSK)

Fig. 6 shows the BER performance of the PF scheme under
different pilot spacing with QPSK modulation method.

From the figure it can be seen that, when the pilot spacing is
reduced, namely the number of pilot is increased, BER of
system will reduce. However, with the increasing number
of the pilot, the BER performance of the proposed schemes
does not reduce significantly. It is indicated the advantages
of linear interpolation namely that the interval between two
pilots is increased meanwhile keeping the BER
performance of the PF scheme unchanged.
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Fig.5 BER performance for different estimation schemes over Gaussian
channel (QPSK)
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Fig. 6 BER Performance of the PF estimator under different number of

pilot spacing (QPSK)

6 Conclusions

In this paper, a comb-type pilot arrangement channel
estimation scheme combined PF algorithm and linear
interpolation method is proposed for PLC channel. In the
proposed scheme, the indoor power line channel
transmission characteristic firstly is measured using PN
correlation method. Then PF algorithm is exploited to track
the measured channel response at the pilot frequencies and
linear interpolation algorithm is used to obtain the
measured channel response at the data frequencies.
Comparisons have also been made with the channel
estimation scheme based on LS, KF, UKF and PF
algorithm, respectively. KF and UKF algorithm are lack of
the capacity for dealing with the common nonlinear and
non-Gaussian problems, while PF algorithm has the
powerful capacity for these problems. Power line channel is
a class of nonlinear time varying system and has complex
noise distribution. Therefore, the performance of the
proposed scheme based on PF algorithm for power line
channel estimation will be much better than that of the other
schemes. Simulations also have proved that the proposed
scheme performs the best among all channel estimation
schemes and its efficiency has validated. Moreover, it is
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confirmed that the proposed scheme can be used in PLC
systems.
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