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Abstract: Power line communication (PLC) is an important interconnection technology for the smart
grid, but the robustness of PLC transmission is faced with a great challenge due to strong non-
Gaussian noise and interference. In this paper, a narrowband interference (NBI) resistant preamble is
designed, and an effective timing and frequency synchronization method is proposed for OFDM-
based PLC systems in the smart grid, which is capable of simultaneously conveying some bits of
transmission parameter signaling (TPS) as well. In the time domain, the cyclic extension of the training
OFDM symbol is scrambled, which makes it feasible to combat against NBI contamination. More
accurate timing detection and sharper correlation peak can be implemented under the power line
channel and the AWGN channel in the presence of NBI, compared with the conventional Schmidl’s
and Minn’s methods with the same preamble length. Furthermore, the TPS transmitted using the
proposed method is also immune from the NBI. The proposed method is capable of improving the
synchronization performance of the PLC transmission significantly, which is verified by theoretical
analysis and computer simulations.

Keywords: power line communication; narrowband interference; preamble; synchronization; smart grid

1. Introduction

Power line communication (PLC) has been widely applied in applications, such as the
smart grid, smart home access networks, and internet-of-things, etc. Orthogonal frequency
division multiplexing (OFDM) is a widely applied physical layer modulation technique,
because of the good performance against frequency selectivity as well as simple imple-
mentation and high transmission efficiency. Many different communication systems have
adopted OFDM, including wireless local area network (WLAN) [1], visible light commu-
nication systems [2,3], PLC systems specified by the ITU G.9960 standard [4], and digital
video broadcasting (DVB) [5,6], etc. Nevertheless, there exist various kinds of noises in the
transmission channels of the OFDM-based PLC systems, which makes it more difficult to
guarantee the communication performance in the PLC channel [7,8]. The channel environ-
ment are filled with attenuation, noise and interference, especially, as investigated in this paper,
the narrowband interference (NBI) prevailing in the PLC transmission environment [7-10],
which brings great challenge to the performance of OFDM-based PLC systems, including
synchronization, demodulation and decoding. Although the conventional OFDM-based PLC
system is simpler to be implemented and adopted by the existing PLC standards, the more re-
cently emerging other versions of OFDM systems, which are more effective, can be introduced
to further improve the performance of PLC systems [11-14].

In OFDM systems, first of all, as a major concern, accurate synchronization is the
prerequisite of a stable and effective communication system [15-18]. In OFDM systems,
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there have been some methods that are aimed at preamble design and synchronization.
The cyclic prefix (CP) is utilized in [15] to implement the classical sliding auto-correlation
(SAC) method. A preamble design structure with two identical sequences, which was
applied in WLAN IEEE 802.11g [1] and WMAN IEEE 802.16e [19], was proposed by
Schmidl [16]. However, a broad plateau around the correct timing position would be
generated in the result of the SAC using Schmidl’s design, so it is difficult to estimate
the accurate timing position. To solve this problem, a preamble structure as denoted by
[A A — A — A] was proposed by Minn et al. to cut down the plateau and sharpen the peak
of the SAC results [17]. However, Minn’s design would cause several sub-peaks in the SAC
result, which makes it highly probable to obtain false detection when the signal-to-noise
ratio (SNR) is small.

Moreover, commonly, there exists prevailing intensive NBI, contaminating the channel
of OFDM systems, having serious impacts on the system stability and effectiveness [20].
Unfortunately, the state-of-the-art methods of synchronization could be seriously impacted
by the NBI [21,22]. The existing synchronization methods are neither practical nor effective
as far as the NBI contamination is concerned. For instance, the impacts of the NBI on
the performance of the existing synchronization methods in practical PLC channels are
shown in [23]. Hence, in this context, proposing an effective preamble design as well as the
synchronization method for OFDM systems impacted by NBI is in desperate need, which
is one of the major contributions of this paper.

In addition, different symbol constellation types and channel coding rates should be
supported in OFDM systems so as to satisfy different requirements of quality of service
(QoS) [24]. Exploiting the transmission parameter signaling (TPS) is a common and effective
approach to facilitate the subsequent channel estimation [25], and crucial in correctly
demodulating the transmitted data for the receiver. The TPS is transmitted separately
following the preamble in the existing commercialized systems, such as IEEE 802.11g
and IEEE 802.16e. After finishing the timing and frequency synchronization processes,
then the signaling part could be handled and decoded. However, the TPS is dependent
on the accurate timing synchronization, which seriously suffers from the impacts of the
NBI, making the decoding of TPS inaccurate. Besides, this process is spectrum inefficient
since a dedicated resource is required to transmit the TPS part following the preamble.
If, as designed in this paper, the TPS is integrated into the sub-carriers of the preamble,
the process of the TPS acquisition can be independent of the timing synchronization and
meanwhile the NBI is mitigated. Moreover, the spectral efficiency is greatly improved
because the preamble has already carried the TPS, so no extra dedicated resource is required
for TPS, which is another contribution of this paper.

Therefore, the main contributions of this paper are two-fold as follows:

* Animproved OFDM-based preamble structure that inherits the advantages of both
Schmidl’s and Minn’s methods is proposed for robust PLC transmission. More impor-
tantly, a novel scrambling operation is applied in the training sequence of the designed
preamble so that the influence of the NBI is eliminated.

* In the frequency domain, to achieve diversity gain under the frequency-selective
fading channels, two identical training sequences (TS) are distributed alternately in
the active sub-carriers. In order to indicate several bits of signaling information for
the receiver to acquire the basic transmission parameters quickly, the relative distance
between the two TSs could vary.

The remainder of this paper is outlined as follows. The OFDM signal model in PLC
transmission is briefly introduced and the two most popular conventional preamble designs
are reviewed in Section 2. The proposed preamble design and the corresponding preamble
detection and synchronization algorithm are presented in Sections 3 and 4, respectively.
In Section 5, the performance of the conventional and proposed preambles, as well as the
synchronization methods, are tested through computer simulations, which is followed by
the conclusions in Section 6.
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2. Signal Model and Related Work

The modulated symbols {Xk}llc\lgo1 at N sub-carriers are processed with an N-point
inverse fast Fourier transform (IFFT) to produce the OFDM symbol as given by

1 N-l 27T
Xn = = Y Xp - WK, (1)
k=0

Taking the additive white Gaussian noise (AWGN), frequency-selective multi-path
channel, the carrier frequency offset (CFO) and the NBI into consideration, the received
signal can be represented as,

Ly—1 ] ]
= Z hy - Xp—ny—1 * e]27'f”fc +1Ip- e]znanB + vy, )
1=0

where 1y, fc and v, are the unknown time of symbol arrival (which is the desired cor-
rect timing position to be estimated by the receiver), CFO and AWGN, respectively [21].
The multi-path channel impulse response (CIR) is denoted by {/; }zLi 0—1, which is modeled
by Lj, delay taps. The NBI amplitude at the frequency point fnp is denoted by Iy. Normally,
the CFO is normalized by the sub-carrier spacing 1/N, i.e., fc = ko/N + f., where kg is
an integer representing the integer part of the CFO, and the remaining fractional part of the
CFO is denoted by fe.

The target of the synchronization process at the receiver is estimating the correct timing
position and determining the CFO without knowledge of prior channel state information.
There have been some conventional methods proposed by T. M. Schmidl et al. [16] and
H. Minn et al. [17]. Specifically, to achieve this goal, as illustrated in Figure 1a, Schmidl
proposed a preamble design whose time-domain structure consists of the two same compo-
nents [16]. The two cyclic parts ‘B’ are used to calculate the SAC result for synchronization.
However, because of the CP part, a wide plateau around the correct timing position would
be generated in the SAC result, which would lead to ambiguity and inaccuracy in estimat-
ing the timing position. In order to cut down the plateau, a novel time-domain preamble
as denoted by [A A — A — A] was proposed by Minn, which is depicted in Figure 1b [17].
This deliberate design with two opposite components is capable of sharpening the SAC
peak with respect to that of Schmidl’s. Nevertheless, some sub-peaks are inevitably gener-
ated in the SAC result, leading to an increase in the probability of false detection, especially
in the case of small SNR.

T
CP B B |
(a) Schmidl’s method
A A -A -A
(b) Minn’s method

Figure 1. Conventional state-of-the-art designs of the OFDM preamble for synchronization.

Taking the NBI at the frequency point fyp into consideration, the SAC result of the
conventional preamble based on two identical parts at the desired timing position ng is
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given as (we first omit the noise and multipath channel terms for simplicity, and then the
analysis can be easily extended to multi-path channels as described in Appendix A),

Lcl

c,no §0 Tl rn(’)+l+NC
Le—1
= Z ( 1+ [OefzﬂfNBl) ) (xl + IogjzanB(lJrNc))*
LC:—l
= Z <|xl| +10xle 727 fng (1-Ne) ’ (3)

+Ioxel2fnsl 4 Ige—jzanBNc>

L—1 ‘
~ Y |x —l—LC-Ige’]Z”fNBNC
1=0

where N, and L. denote the length of the correlation lag and the identical components,
and (-)* represents the complex conjugation operation. Since the transmitted preamble
{x;} and the NBI {e/>"/x8!} are non-coherent signals, the cross terms in (3) are eliminated
after sum averaging and can be neglected with respect to the preamble SAC component
|x; |2 and the significant NBI component Lclge’ﬂ"fNBNf. It is observed from (3) that the
correlation peak might be deteriorated by the unpredictable strong NBI signal, and hence
cause degradation to the detection performance. In order to solve the problems of the con-
ventional methods, the preamble is specifically designed and optimized in this paper, along
with the proposed synchronization method to improve the synchronization performance
against the NBI impacts, as described in detail in the following.

3. Proposed Design of Preamble for Synchronization

As depicted in Figure 2, the proposed preamble structure consists of an OFDM symbol
of length N as well as the two cyclic extensions of this symbol. Two groups of TSs are
alternatively allocated in sub-carriers with indices of {4k + 1} and {4k + 3}, respectively,
in the frequency domain. The first group of TSs allocated in the {4k + 1} sub-carriers
starts from the initial position, while the other group of TSs allocated in the {4k + 3} sub-
carriers are cyclically right shifted by AL, thus formulating the frequency-domain sequence
{Yi} ,I(\’:_Ol as given by

Y4k+1:Ckr k:0/1/1L*1
Yak43 = Ck-AL)mod Lr K =0,1,--- , L =1, 4)
Y, =0, others

where {c;} ,f;& is the length-L (L < N/4) pseudo-random TS with a good property of auto-
correlation, and mod represents the modular operation. Different signaling information
can be conveyed through the variation of the cyclically shifted length AL. To convey
log, L bits of signaling, there can be totally L choices for the shifted length. Note that
all the preamble designs and the corresponding synchronization methods, including the
proposed and the conventional ones, are considered to have the same preamble length for
fair comparison.

Afterwards, the active sub-carriers in (4) are differentially encoded and then processed
by the N-point IFFT operation defined in (1) to obtain the time-domain preamble. As shown
in Figure 2, the derived time-domain OFDM symbol can be regarded as two opposite
parts, as represented by ‘—A’ and ‘A’, since only odd sub-carriers are occupied. Then,
the latter half part ‘A’ is multiplied by a scrambling sequence (—1)" and appended to the
rear to form the ‘S(A)” part. Meanwhile, the latter half part ‘A’ itself is copied to the front to
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play the role of CP as well. The whole time-domain transmitted preamble signal is hence
denoted by {p,}*N ;! given by

Xn+N /2, 0<n<N/2
Pn =1 Xu_Ny2, N/2<n<3N/2, %)
(=1)" - x_n, 3N/2<n<2N

where {xn}~111\12_01 denotes the time-domain length N OFDM symbol generated by the N-
point IFFT operation, as illustrated by the yellow part in Figure 2. The operation of
scrambling could effectively relieve the contamination of the NBI, as explained in detail in
the following section.

* TS in the (4k+1) subcarriers |

7 TS in the (4k+3) subcarriers

{ O Null carriers

Frequency
Domain

{Yk}Nfl 4‘

k=0

. <— N/2—>¢——N-point IFFT—»«— N/2—>
ime
Domain A -A A S(A)
{p }2N—l
nJtn=0

bling

\ N-l |
X
/‘7{ n}n=0 — Desired
Timing
Position 72,

Figure 2. Proposed OFDM preamble design.

4. Timing and Carrier Frequency Synchronization through Preamble Detection

Both timing and frequency synchronization along with the algorithm of signaling
detection are described in detail in this section to showcase the advantages of the proposed
preamble design and synchronization method with respect to the conventional methods.

4.1. Timing and Fractional CFO Estimation

The cyclic property of the preamble can be exploited in the algorithm of timing at
the receiver. Specifically, the following three pairs of cyclic parts are exploited for the

calculation of SACs,
N/2-1

1
Rl,n = Z (_1)(n+ )T’:;H VYntl—-N/2/ (6)
=0
N/2-1 l
Row= Y, (1)t )VLZ “Tntl-N, ()
1=0
N/2-1 (nt])
n
Ryn= Y, (=1)"ri rusi_ango (8)
=0
As shown in Figure 2, the de-scrambling operations between the three front parts ‘A’,
—A’,”A’ and the last part ‘S(A)’ are implemented through multiplying by the descrambling
coefficient (—1)" in the summation of (6)-(8). After that, in order to further sharpen the

0
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correlation peak, these three SAC results are multiplied together to generate the final
positive peak as given by
Rc,n = *Rin ) RZ,n ’ R3,n' (9)

The proposed SAC block diagram for timing and carrier frequency synchronization
is depicted in Figure 3. From the diagram and the above SAC calculation method (6)-(9),
it can be found that the theoretical desired timing position n is at the first sample of the
part ‘S(A)’, as illustrated in Figure 2. Before calculating the correlation, a descrambling
operation, i.e., multiplying by the descrambling coefficient (—1)", is prior implemented
toward the received preamble, which is different from existing methods. It can be noticed
that with the same preamble length, the computational complexity of the proposed method,
mainly reflected by the number of additions and multiplications in calculating correlations,
is about 50% more than that of Minn’s method. This is because three groups of SAC are
required to be calculated in the proposed method, whereas only two groups are calculated
in Minn’s method. However, the complexity of the proposed algorithm is still low, which
is analyzed in detail in Section 4.3 since the summations in (6)—(8) could be implemented
with recursive method [16].

-1
Y
o

* R

» V2 Ly > ¥
*y — *l
R,
—»@—»Rc

» zV 4>® > >
*y 1 Rs
Ly Z—3N/2 @» 5

Figure 3. Proposed time-domain sliding auto-correlation module for timing and carrier frequency

synchronization.

At the receiver, the estimated timing position 7 in the preamble can be estimated
from the correlation peak of R, ,, and the fractional CFO can be calculated by the phase of
the correlation peak as well,

fig = argmax{|Rcu|}, (10)
n
A arg(Ren)
= T8 on) 11
frc 7N n:ﬁO’ ( )

where arg(-) is the phase calculation operation for a complex number, and arg max{-}
derives the variable that maximizes the interior objective function.

To demonstrate the advantage of the proposed method in SAC peak performance
over Schmidl and Minn’s methods, as illustrated in Figure 4, the simulation results are
presented, where the channel noise is absent. It is noted from Figure 4 that a broad
plateau whose length is the same with that of the CP is generated for Schmidl’s method.
Meanwhile, Minn’s method produces four sub-peaks, with each having approximately 1/4
the amplitude of the main peak. Therefore, it can be observed that both the plateau and the
sub-peaks are avoided in the proposed method, and a much sharper main peak is derived
compared with that of Minn’s method.

Now we look at the capability of the proposed method against the NBI impact. Let us
consider an NBI with the frequency fng, and without loss of generality, we investigate the
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first SAC result Ry ,, in (6) at the desired correct timing position np, which is applied by a
descrambling operation,

N/2-1 , .
r (-1 ((_1)lxl + IoefzanBl)
1=0

. (xl + [ngzanB(l—N/Z))
N/2-1 ,
= 12 <\xl|2 4 on;ngZﬂfNB(lfN/Z) . (12)
=0
+(_1)110xle—]'27TfNBl + (_1)1153_j277fNBN/2)
N2-1
~ Y|

Rln

!0:

where the cross terms are eliminated after de-scrambling and sum averaging since the
NBI and the preamble are non-coherent signals. From (12), importantly, it is observed
that the NBI component (—1)llg€_j2ﬂfNBN /2 is eliminated after sum averaging due to the
scrambling operation. Therefore, it is observed that the SAC result of R;, reaches its
maximum peak value at the desired timing position ny. Similarly, the SAC branches R, ,,
and R3 , in (7) and (8) at the desired correct timing position n are respectively given as

Ropy = Y. |xf% (13)
1=0
N/2-1 5
Ry = Y |ul” (14)
1=0

Hence, Ry, and Rz, also reach their maximum peak value at the desired timing
position ng. Finally, the accumulated SAC correlation R, as given by (9) is free from the
NBI contamination and will also reach the maximum peak value at the desired timing
position ng, so the detected timing position 71y estimated by (10) is accurately the desired
timing position ng. Based on this analysis, the capability and robustness of the proposed
timing method against the NBI is validated.

1.2 T T T
------- Schmidl
- 1 0000 fe———— Minn
3 1+ Proposed H
w1
153
-
=
2
= 08f 4
©
=
o
Q
O 06 .
<
(%]
el
Q
N 04t -
B
s}
S 0.2t E
\,
- ‘\,
H }: g N
-800 -600 -400 -200 0 200 40i 600 800

samples

Figure 4. Comparison for timing peaks of three methods.

Furthermore, the proposed synchronization method can be easily extended to multi-
path channels and the NBI resistant mechanism as derived in (12) and (3) still effectively
holds, which is proved in the Appendix A.



Sensors 2022, 22,4013

8 of 15

4.2. Integer CFO Estimation and Signaling Detection

The integer CFO can be estimated and the signaling conveyed through the frequency
domain preamble can be detected when the receiver finishes the timing synchronization.
The received OFDM symbol is first compensated by the estimated fractional CFO fi.,
and then transformed to the frequency domain through N-point FFT, which yields the
active carriers at the receiver given by

(Y =V Higye TR 4N - Iy - Sy + Vi (15)
where Yk(d), Hy, and An denote the transmitted active carrier after differential encoding
operation, the channel frequency response, and the timing error which causes a phase
rotation of the active carriers, respectively. &, and knp denote the Kronecker delta function
and the sub-carrier index at the frequency point fng, respectively. The frequency domain
noise term is denoted by V. It is noted from (15) that a shift of all carriers would be caused
by the integer part of CFO k.

The NBI's impact on determining the integer CFO and signaling can be eliminated
as well. We only need to exclude the NBI contaminated sub-carrier through nulling the
sub-carriers with excessively large power to zero. Afterward, the received active carries are
applied by a differential decoding operation,

7= 903,
= Hi o Hi gy p Yok V22" + 5 (16)

~ 2 22N v
~ | Higo | Yi ko€ V2 + Vi

where V; denotes the remaining noise. The approximation in (16) holds as long as the
channel frequency response at the adjacent sub-carriers are closely similar to each other,
which is practical for the channel whose frequency selectively is not too severe between
adjacent sub-carriers.

Comparing (16) with (15), one can observe that the phase rotation term e iR Ak
associated with the sub-carrier index k caused by the timing error An is eliminated through
the receiver-side differential decoding, and only a fixed phase offset that has no influence
on the detection of integer CFO and signaling, is left, making the proposed method immune
to timing errors.

Through the cross correlation between the local TS and the received differentially de-
coded sub-carriers, the signaling information and the integer CFO could be simultaneously
acquired, i.e.,

L-1
Y Z(k44l) mod 4L - €]
Rik =T - 0<k<N. 17)

zzo ’Y(k+4l) mod 4L‘

Theoretically, as shown in Figure 5, two pairs of peaks are expected to be generated by
the correlation in (17) due to the integer CFO and the cyclically shifting between the two
groups of TSs allocated at the {4k + 1} and {4k + 3} sub-carriers. Hence, the integer CFO
ko could be estimated through the distance between the first peak and its reference position
when CFO=0. And meanwhile, the signaling parameter AL could be acquired from the
shifting distance between the two corresponding pairs of peaks, which is (4AL + 2) as
shown in Figure 5.
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Subcarrier index

Figure 5. Frequency—domain correlation results with signaling and different integer CFOs.

4.3. Computational Complexity Analysis

Let us consider the computational complexity of the proposed synchronization method
and compare it with that of the conventional Minn’s method. Note that the comparison is
conducted under the same preamble length for both methods, i.e., 2N according to Section 3.
For both methods, the main consumption of computational complexity goes to the part
of the calculation of SAC. Usually, the computational complexity can be evaluated by the
quantity of additions and multiplications, given in detail as follows.

For the conventional Minn’s method [17], there are two SAC windows for the positive
preamble part and negative preamble part, respectively, with each being of N in length,
as illustrated in Figure 1b. The calculation begins when the first nonzero entry of the
preamble falls into the previous positive SAC window, and ends when the last nonzero
entry of the preamble leaves the latter negative SAC window. Hence, with the total
preamble length being 2N, the SAC operation during the synchronization of the Minn’s
method requires Tr(nl\ﬁ)l = 2.5N times of multiplications and Ta(lc\l/[d) = 10N times of additions.
Thus the total computational complexity of Minn’s method is in the order of O(N).

For the proposed method, as described in Section 4.1, there are three SAC windows
Ry, Ro, and Rz, with each being of length N. The calculation of SAC begins when
the first nonzero entry of the preamble falls into the Rz, SAC window, and ends when
the last nonzero entry of the preamble leaves the R; , SAC window. Hence, with the
total preamble length also being 2N, the SAC operation during the synchronization of the
proposed method requires Tr(xi)ﬂ = 9N times of multiplications and ngll = 18N times of
additions in total. Thus the total computational complexity of the proposed method is also
in the order of O(N).

Although there is a moderate complexity increase to the proposed method due to
more correlation and multiplication operations, both the proposed and conventional meth-
ods have a computational complexity in the order of O(N). Hence, the cost of calcula-
tion resource is in the same order, and the proposed method is applicable for practical
system implementation.

5. Performance Evaluation

Extensive simulations are carried out to compare the performance of the conventional
and the proposed methods in the presence of the NBI under different channel conditions.
In this work, we conducted simulation tests that are consistent with the theoretical models
and methods provided to evaluate the performance. As claimed in Section 2, note that all the
methods are simulated with the same preamble length for fair comparison. The simulation
setup is configured in a typical PLC transmission system, with the parameters listed in
Table 1. A multipath PLC channel model defined in [26] is applied to evaluate the detection
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algorithm in multi-path and power line transmission environments, with the profile of
parameters listed in Table 2. The length of the frequency—domain TS for the OFDM
preamble is set as L = 192, so at least the 7-bit signaling information can be conveyed.
The simulations consider introducing an NBI with the power of —12 dB with respect to
the average signal power, in order to evaluate the capability of different methods against
the NBL

Table 1. Simulation parameter.

Parameter Value
NBI power —12dB
Symbol Rate 7.56 MSymbol/s
Bandwidth 8 MHz
Carrier Frequency 6 MHz
CFO 30 kHz
Symbol Duration 270.9 ps
Length of TS 192
FFT Size 1024

Table 2. PLC channel parameter profile.

Path Index d; (m) 8i
1 200 0.64 k 1.0
2 2224 0.38 ag (s/m) 0
3 244.8 —0.15 ay (s/m) 7.8 x 10~10
4 267.5 0.05

The false probability for the SAC peak detection is simulated to evaluate the detection
performance of the proposed and conventional preambles. As shown in Figure 6, at the
target missed probability of 1073, the false probability of the proposed method is compared
with that of Minn’s method. It can be observed from Figure 6 that the false probability of
the proposed method has a 4 dB gain over Minn’s method under AWGN and PLC channels
in the absence of the NBI. When the NBI is present, which is marked by dashed lines in
Figure 6, it is shown that the proposed method is hardly affected by the NBI, whereas
Minn’s method suffers from a degradation of more than 1 dB under AWGN channel and
more than 4 dB under the PLC channel.

10° T T T : | === Proy , no NBI, AWGN
= @ = Proposed, -12dB NBI, AWGN
= B = e o === Minn, no NBI, AWGN
B = = ge o _ 2| = B = Minn, -12dB NBI, AWGN
a == Proposed, no NBI, PLC

= @ = Proposed, -12dB NBI, PLC
=P Minn, no NBI, PLC
= B = Minn, -12dB NBI, PLC

False Probability

-1 0 1 2

3 -2
SNR (dB)
Figure 6. False probability of preamble detection in AWGN and PLC channels when the missed
probability is around 1073.

In order to investigate the SAC peak performance of different preambles in the pres-
ence of the NBI, as depicted in Figure 7, the SAC peaks of Minn’s and the proposed methods
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in the presence of the —12 dB NBI are simulated, which is compared with the case without
NBI in Figure 4. It can be noted from Figure 7 that the SAC peak of Minn’s method in
the presence of NBI is significantly smaller than that without NBI in Figure 4. Moreover,
the sub-peaks of Minn’s method become stronger and the main peak becomes less sharper
with respect to that without NBI, making the false timing detection probability increase.
On the other hand, the SAC peak of the proposed method is almost not affected by the
—12 dB NBJ, so the timing performance in the presence of the NBI is guaranteed.
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Figure 7. Timing correlation peaks for two methods in the presence of NBI.

Finally, to investigate the performance of the integer CFO estimation and signaling
detection, their false probabilities are simulated and presented in Figure 8. It is observed
from Figures 5 and 8 that, if the preamble is correctly detected, it is feasible to accurately
estimate both the integer CFO and the signaling information. One should note that,
the signaling can be decoded correctly if and only if both pairs of peaks shown in Figure 5
are detected correctly. Therefore, one can derive the approximate relation between the
false probability of integer CFO estimation Py nicro and the false probability of signaling
detection Py gig, as given by

Prsig = 1= (1= Pfincro)’ (18)

From the simulation results in Figure 8, one can find that the simulation results are
consistent with the theoretical analysis.

From the simulation results, we can see that the proposed scheme has superior per-
formance in the accuracy of preamble detection in the presence of NBI compared with the
benchmark scheme of Minn’s method. It should also be noted that, the performance gain
of the proposed method is achieved at the cost of the increase in computational complexity.
As mentioned in Section 4, the proposed timing scheme requires three pairs of cyclic parts
in the calculation of the SACs, which is more than that of Minn’s method. The scrambling
operation also brings extra complexity to the scheme. Hence, the proposed scheme is more
suitable for the PLC system with a moderate computational capability but requires more
accurate timing performance.
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Figure 8. False probability of integer CFO estimation and signaling detection.

6. Conclusions

A novel preamble structure is proposed for OFDM-based PLC systems in the smart
grid to improve the accuracy of timing and frequency synchronization in the presence of the
NBI, and meanwhile capable of transmitting accurate signaling information immune to the
NBI. The proposed preamble is shown through theoretical analysis and simulation results
to enjoy significant better performance in timing and carrier frequency synchronization
compared with conventional popular methods, with a moderate cost of computational com-
plexity. Exploiting the proposed simple but crucial scrambling and desrambling operation,
the proposed method is capable of combating against the NBI in various communication
environments effectively. In addition, the proposed preamble simultaneously conveys
signaling information by exploiting the frequency-domain designed sub-carrier pattern,
which is robust to the NBI contamination as well. It is shown by the simulation results
that the proposed method is hardly affected by the NBI, whereas Minn’s method suffers
from a degradation of more than 1 dB under the AWGN channel and more than 4 dB
under the PLC channel. Furthermore, the proposed preamble design can be applied to
various communication systems suffering from the NBL In future work following the
method introduced in this paper, the proposed scheme can be tested on a real PLC system
to evaluate the performance and obtain results in realistic PLC environments.
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Appendix A

The proof of the validity and capability of the proposed method against the NBI in
multi-path channels is presented as follows.

First, we look at the SAC window Rj, at the desired timing position 1y as given
by (12). Taking the frequency-selective fading channel condition into consideration with
the CIR denoted by {hk}lfh: 61, the SAC result is derived as given by (A3), where the cross
terms between the NBI and the preamble sequence can still be eliminated by sum averaging
and de-scrambling as they can be in the AWGN channel shown by (12) because they are
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incoherent signals. The NBI component as pointed out above is also eliminated through
de-scrambling and sum averaging as well. Hence, the SAC result of R, ,, yields the peak
value as given by (A3) at the desired timing position n(, which is free from the impacts of
the NBIL.

Similarly, we have

N/2—1L,—1L,—
Ry = — Z Z Z hkhmxz KXl—m (A1)
N/2—-1L,—1L;—1 %
R, ~ E 2 Z (1) M hm x| X1 (A2)
=0 k=0 m=0
N/2-1 L
Ry, = Eo (=1) 7 1 Trg+1-N /2
N/2—1 1| bl ) '
= z;o (-1) Z - (=1 F x4+ Dexp(i2nfasl) | -
L—1
Z B - x1— m+loexp(]27TfNB(l*N/2))
%%uvﬁhuﬁ (g
= - (= X/ o
1=0 i ok =y (A3)

+( ) (L;tlhk ( ) kxl_k> IoeXp(jZNfNB(l—N/Z))

+(%E%MOMMﬂmw()MMﬂmwm

NBI component

N/Z—]ththfl k .
~ Y Y L (-1 hkhmxl*_kxlfm/
=0 k=0 m=0

Lc—l

Z r
C”o =0 n0+l n0+l N,
LC 1]|L,—1

Ly—1
LT m+loexp(127TfNBl)} [k 0hk'xlfk‘i‘IOeXP(jzanB(l‘*‘NC))

- L,, 1 L1 L—1 * ‘
Z Z By - x;_k Zohm'xlfm + Zo hy - x| Toexp(j27tfnsl)
1=0 m=
(A4)
Lh
( Y hmexp m) Ipexp(—j2mfnp(l+ Ne)) + I exp(—j27 fupNe)

NBI component

N/2-1 | Ly—1L,—1 ) '
~ Y Y X Whwxf xi_y + Iy exp(—j27 fngNe)
1=0 k=0 m=0

NBI component

Therefore, all the three SAC results are free from the impacts of the NBI, making
the final peak value R3j;, immune to the NBI, so the estimated timing position 7y ac-
curately matches the desired timing position 7 in the presence of the NBI under the
multi-path channel.

The analysis for the contamination of the NBI upon the conventional methods as given
by (3) can be extended to multi-path channels through similar reasoning. Considering
multi-path fading channel, the SAC result R, of the conventional methods at the desired
timing position n,o is given by (A4).
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From (A4), it can be noted that, although the cross terms between the NBI and the
preamble sequences are eliminated through sum averaging, the NBI component as pointed
out above remains in the SAC result because there is no scrambling to eliminate it. Hence,
under the multi-path fading channel, the remained NBI component will cause serious
impacts on the peak value, so the conventional timing synchronization method will be
seriously affected, which is similar to the result for the AWGN channel described by (3).
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