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Abstract—In this paper, an OFDM-based preamble is proposed
for improving timing and frequency synchronization in the power
line channel with narrowband interference (NBI) as well as trans-
mitting several bits of transmission parameter signaling (TPS). In
the time domain, an additional scrambling operation is applied
to the cyclic extension of an OFDM training symbol to reduce
the impact of NBI. Compared to the conventional Schmidl’s
and Minn’s methods, the proposed preamble could provide even
sharper correlation peak and achieve better timing detection
in both AWGN and power line multipath channels under NBI,
with a moderate complexity increase because more correlation
and multiplication operations are required. Furthermore, the
proposed preamble could also convey several bits of TPS via
the variable distance of two training sequences allocated in the
frequency domain. Better synchronization results can be achieved
through analyses and simulations with the proposed method.

Index Terms—Narrowband interference (NBI), power line
communications (PLC), OFDM preamble design, synchroniza-
tion.

I. INTRODUCTION

Recently, there have been more and more researches on
digital communications in power line channels, in which there
is more convenience and more communication resources for
transmission. Power line communication (PLC) has many
advantages over other transmission approaches, such as the
prevailing electrical wiring networks, relatively low costs,
the convenience to plug in and etc. However, power line
channels suffer a poor channel circumstance and can encounter
severe noise, high attenuation and various interferences, such
as impulse noise, multipath fading, frequency selectivity and
narrowband interference (NBI) [1]-[3].

In order to combat the severe channel conditions in power
line communications, orthogonal frequency division multiplex-
ing (OFDM) has been chosen as an effective physical layer
modulation technique in power line channels [4], [5]. Due
to its high transmission efficiency, simple implementation
and especially the good performance to overcome frequency
selectivity, OFDM has been adopted by many different com-
munication systems, including the power line communication
system of ITU G.9960 standard [4], wireless local area net-
work (WLAN) [6], [8], digital video broadcasting (DVB) [7],
[9],and etc.

In OFDM systems, a reliable and efficient communication
relies on good synchronization performance, which has been
investigated for long [10]- [16]. Several methods have been
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proposed for preamble design and synchronization for OFDM
systems. In literature [10], the classical sliding auto-correlation
(SAC) method was proposed based on the cyclic prefix (CP).
In [11], Schmidl proposed a preamble structure having two
identical parts by using only even carriers in the frequency
domain, which has been adopted into WLAN-based stan-
dards IEEE 802.11g [8] and WMAN:-based standards IEEE
802.16e [17]. However, the SAC of this preamble produces a
broad plateau around the correct timing position, which would
cause ambiguity when determining the best start sample point,
especially when the timing offset is beyond the scope of the
length of CP so that the following operation cannot recover the
right timing position. To solve this problem, Minn proposed a
time-domain structure like [A A — A — A] to reduce the plateau
and sharpen the correlation peak [12]. However, the correlation
result in Minn’s method also introduces several sub-peaks,
which might cause high false detection probability when the
signal-to-noise ratio (SNR) of the channel is relatively low.
Synchronization performances of the above three methods
under realistic indoor PLC channel models are presented
in [15]. A practical approach of preamble design in fast burst
synchronization for the PLC system under some specified
constraints is proposed in literature [16].

Furthermore, there is usually severe NBI in power line
channels, which has a serious impact on communication
reliability and synchronization. However, the above three syn-
chronization methods could be severely deteriorated by NBI
environments [18], [19]. Current methods for synchronization
under NBI are not applicable and not effective. In this paper,
an effective synchronization method is proposed to well solve
the problem for OFDM systems under NBI.

OFDM systems usually support different symbol constel-
lation types and channel coding rates in order to meet dif-
ferent quality-of-service (QoS) requirements. Therefore, the
transmission parameter signaling (TPS) can facilitate the suc-
ceeding channel estimation [20]-[22], and is critical for the
receiver to demodulate the received data correctly. In the
existing commercialized systems such as IEEE 802.11g and
IEEE 802.16e, the TPS is transmitted separately following the
preamble. After the timing and frequency synchronization have
been accomplished, the receiver could then move to decode the
signaling part. Recently, a novel method has been proposed
to integrate the basic TPS into the preamble, which could
significantly facilitate the demodulation steps [23], [24].
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Fig. 1. Conventional OFDM preamble designs.

In this paper, an OFDM-based preamble with improved
time-domain structure is proposed, which inherits the merits
of both Schmidl’s and Minn’s methods. Additionally, a novel
scrambling operation is applied to the cyclic extension of the
OFDM symbol in order to reduce the impact of NBI, which
is usually encountered in power line channels. Furthermore,
in the frequency domain, unlike the signaling method in [23]
which adopts two consecutive blocks of training sequences
(TSs), the two identical TSs are distributed alternately in
the active sub-carriers to achieve diversity gain under the
frequency-selective fading channels. The relative distance be-
tween the two TSs could be varied in order to indicate several
bits of signaling information for the receiver to acquire the
basic transmission parameters quickly.

The rest of this paper is organized as follows. Section II
briefly introduces the OFDM signal model and reviews the two
most popular conventional preamble designs. Section III and
Section IV presents the proposed preamble design and the cor-
responding detection algorithm, respectively. The performance
of the proposed preamble is evaluated by computer simulation
in Section V. Finally, Section VI concludes the whole paper.

II. SIGNAL MODEL

The OFDM symbol is generated by an N-point inverse
fast Fourier transform (IFFT) of the modulated data symbols
{ Xk},

1 N—-1
Ty = —= Xy, - eI T 1
m’; " (1)

Considering the channel delay spread, additive white Gaus-
sian noise (AWGN), carrier frequency offset (CFO) and NBI,
the received signal is modeled as [18],

Lp—1
T'n = Z hl " Tn—no—1 - ej27rnfc + IO : ej27f7lfcw + Vn, (2)
1=0
where ng, f. and v, are the unknown symbol arrival time,
CFO and AWGN, respectively. {h;} is the channel impulse
response (CIR), which is modeled by L; discrete weighted
impulses. I is the amplitude of the NBI at the frequency
point fcw. The CFO is usually normalized by the sub-carrier
spacing 1/N , ie., fo = ko/N + fic, Where ko is an integer
and ff. is the residual fractional part of CFO.
The task of the synchronization process is to determine the
timing position and estimate CFO without any knowledge of
prior channel state information. To achieve this goal, Schmidl
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Fig. 2. Proposed OFDM preamble design.

proposed a preamble structure having two identical parts as
illustrated in Fig. 1(a) by using only even carriers in the
frequency domain [11]. The SAC operation for timing and
frequency synchronization is based on the two cyclic parts
‘B’, which could provide higher robustness than common CP-
OFDM symbols. However, the SAC of such preamble will
produce a broad plateau around the correct timing position
due to the insertion of CP. The plateau would cause ambiguity
when determining the best timing sample point.

To reduce the plateau, Minn proposed a novel time-domain
structure like [A A — A — A}, as illustrated in Fig. 1(b) [12].
With the deliberate design of two opposite parts, Minn’s
method could sharpen the correlation peak compared to
Schmidl’s method. However, the correlation in Minn’s method
introduces several sub-peaks, which might cause high false
detection probability when the SNR is low.

Considering an NBI at the frequency point fcow, the con-
ventional SAC based on two identical parts is given as (ignore
the noise and channel terms for simplicity),
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3)
where L. and N. denote the length of the identical parts
and the correlation lag, (-)* denotes the complex conjugation.
Since {z;} and {e727/cw!} are non-coherent, the rest terms in
(3) are eliminated after sum averaging. It is observed from (3)
that the unpredictable NBI might deteriorate the correlation
peak and thus degrade the detection performance.

III. PROPOSED PREAMBLE DESIGN

The proposed preamble is composed of a length-N OFDM
symbol with its two cyclic extensions, as illustrated in Fig. 2.
In the frequency domain, a pair of TSs are alternatively
inserted in the {4k+1} and {4k+3} indexed sub-carriers. The
TS in the {4k + 1} sub-carriers is located at the fixed position,
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while the TS in the {4k + 3} sub-carriers is cyclically right
shifted by AL, i.e.,

Yipt1 = e, k=0,1,--- L —1
Yzlk—i—ii = C(k—AL) mod L> ]C:O,l, 7L_ 1 ) (4)
Y, =0, others

where ¢, is the length-L (L<N/4) pseudo-random TS with
good auto-correlation property. mod denotes the modular op-
eration. The cyclical shift length AL could be varied in order
to indicate different signaling information. There are L choices
in total for the shift length corresponding to log,L bits of
signaling.

The active sub-carriers in (4) are then differentially en-
coded and transformed to the time domain by N-point IFFT
operation defined in (1). Since only odd sub-carriers are
used, the time-domain OFDM symbol is divided into two
opposite parts, denoted as ‘-A’ and ‘A’ in Fig. 2. The last
half part ‘A’ is copied to the front as CP and also copied to
the rear multiplying with a scrambling sequence (—1)". The
transmitted time-domain signal is thus represented as

Tpin/2, 0<n<N/2
oo N2 N/2<n<3N/2 . (5
(=)™ - 2p_n, 3N/2<n <2N

Pn =

The scrambling operation could effectively reduce the im-
pact of the NBI, which will be further discussed in the
following section.

IV. PREAMBLE DETECTION ALGORITHM

In this section, both timing and frequency synchronization
as well as signaling detection algorithms are detailed to
illustrate the advantages of our proposed design over the
conventional Schmidl’s and Minn’s methods.

A. Timing and fractional CFO estimation

The timing algorithm adopts the cyclic properties of the
proposed preamble, where three cyclic parts are observed and
used for SACs,

N/2-1
Rin= > (=) e (6)
1=0
N/2-1
Row= > (-1 rosion, (7)
1=0
N/2-1
n+l) x
Ryp= > (1) sy ®)
1=0

The multiplication with (—1)" in the summation of (6)-(8)
is the de-scrambling operation between the three front parts
and the last part ‘S(A)’ of the preamble in Fig. 2. Finally,
the above three correlation results are multiplied together to
strengthen the correlation peak,

Rc,n = - T,n : R2,n ' RS,n- (9)

Unlike the conventional SAC methods, a de-scrambling
operation (—1)™ is firstly applied to the received signal. Since

the summations in (6)-(8) could be implemented with recursive
method [11], the complexity of the proposed algorithm is low.
Moreover, the correlation operations here are approximately
50% more than those in Minn’s method with the same pream-
ble length, since three pairs of correlation are calculated in the
proposed method while only two pairs are needed in Minn’s
method.

The correlation peak of R, indicates the start of the
preamble and the fractional CFO is also obtained through the
phase of the peak,

no = argmax {| R, |}, (10)
n

;o arg(Ren)

Jrre = 9N ) (11D

n=ng

where arg max {-} denotes the set of variables that maximize
the objective function, and arg(-) denotes the phase of a
complex number.

Simulation examples of the SAC for Schmidl’s, Minn’s and
the proposed methods without channel noise are illustrated in
Fig. 3. A broad plateau with the duration of CP is observed
in Schmidl’s method, while four sub-peaks about one-fourth
height of the main peak are introduced in Minn’s method. It is
noted that the proposed method could avoid either plateau or
sub-peaks and obtain even sharper peak than Minn’s method.

Considering an NBI at the frequency point fcw, the auto-
correlation branch R; in (6) with de-scrambling operation is
given as,

N2-1 z ‘ .
Ry, = l;g (-1) ((—1) T+ ]06J27rfcwl)
(g + Tped?rfow(=N/2)

N/2—1 ) l 7
= 2 <|Tl| +(-1) IOxZ‘eJQﬂ'fcw(l—N/Q)

1=0

+(—1)l[0xle—j27rfcv\/l n (_1)llge—j27rfch/2)

N/2—1

(12)
Similarly, the correlation branches Ry and R3 in (7)-(8) are
respectively given as

N/2-1
Ros, ~— Y |ul?, (13)
=0
N/2—1
Rss =~ > l|uil (14)
=0

From (12)-(14), it is observed that the NBI would be elim-
inated after sum averaging due to the scrambling operation.
Therefore, the proposed timing method is robust to NBI.

B. Integer CFO estimation and signaling detection

After the timing synchronization is accomplished, the re-
ceived OFDM symbol is compensated with the estimated
fractional CFO and then transformed into frequency domain
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Fig. 3. Comparison for timing peaks of three methods.

by N-point FFT operation. The received active carriers
denoted as

Y/k(d) = Yk(i)kon—koeij%rAn'k +N-1Iy ’5k—kcw +Vk’ (15)

where Yk(d) is the transmitted active carrier after differential

encoding operation, while H; and V) are the channel fre-
quency response and the frequency domain noise term. ¢y is
the Kronecker-delta function. kgw is the sub-carrier index at
the frequency point fow. An is the timing error which causes
a phase rotation of the active carriers. It is noted that the
integer part of CFO kg leads to a shift of all carriers.

The NBI could be easily removed in the frequency domain
by setting the carriers with excessively large power to zero.
After that, a differential decoding operation is applied to the
received active carries and yields

o T T
= Hy o Hif o Yiokoo! N 287 4+ Vi

~ 2 P2m oA =
RN\ Hy— o | Y€ ¥ 22" + Vj,

are

(16)

where V4 is the sum of residual noise terms. The approxima-
tion in (16) holds when the adjacent sub-carriers are closely
similar in the frequency-selective fading channels.

Due to the differential decoding operation, the phase ro-
tation caused by the timing error is canceled, leaving only
a fixed phase offset. Therefore, the proposed method is also
robust to timing errors.

The integer CFO and the signaling information could be
simultaneously detected by the cross correlation between the
received differentially decoded sub-carriers and the local TS,
i.e.,

L—1

Y Z(k44l) mod 4L " €]

Ray = =2 - 0<k<N. a7
> | Yik+41) mod 4L
=0

The correlation in (17) is expected to generate two peaks,
as illustrated in Fig. 4. The integer CFO could be estimated
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Fig. 4. Frequency-domain correlation results with different CFOs.

through the shift of the first peak from its reference position
when CFO=0, while the signaling is inferred from the distance
between those two peaks.

V. PERFORMANCE EVALUATION

In this section, computer simulations are implemented to
evaluate the performance of the proposed preamble. The
simulation parameters are given in Table I. The length of
TS is chosen to be 192, and could be used to indicate at
least 7-bit of signaling information. A multipath PLC channel
model [25] with NBI is adopted to evaluate the detection
algorithm in power line transmission and reception scenarios.
The parameter profile of the PLC channel is listed in Table II.
An NBI with the power of -12 dB compared to the signal
average power is also introduced in the simulations.

TABLE I
SIMULATION PARAMETER.

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

PLC CHANNEL PARAMETER PROFILE.

Path Index  d;(m) gi
1 200 0.64 k 1.0
2 2224 038 | ag(s/m) 0
3 2448  -0.15 | ai(s/m) 7.8x 10710
4 267.5  0.05
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Fig. 6. Timing correlation peaks for two methods under NBI.

Firstly, the detection performance of the preamble is evalu-
ated by the false probability and the missed probability of the
SAC peak detection. The false probabilities of Minn’s method
and the proposed method are compared in Fig. 5 when the
missed probability is required at a level of 1073.The false
detection probability of the proposed preamble is improved by
about 4dB compared to Minn’s method in both AWGN and
PLC channels when there is no NBI, with the cost of more
correlation and multiplication operations than Minn’s method.
When the -12dB NBI is considered (marked with dashed lines
in Fig. 5), it is noted that Minn’s method degrades more than 1
dB in AWGN channel and more than 4 dB in the PLC channel,
while the proposed method is hardly affected.

Concerning the impact of the introduction of NBI on timing
detection performance, simulation results of the SAC for
Minn’s and the proposed methods under the -12dB NBI in
the power line channel are illustrated in Fig. 6 in comparison
with those in Fig. 3. The timing correlation peak in Minn’s
method under the -12dB NBI is much smaller than that without
NBI, as is illustrated in Fig. 3. Furthermore, the sub-peaks in
Minn’s method are higher and the central peak is not as sharp
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Fig. 7. False probability of integer CFO estimation and signaling detection.

as that without NBI, which is much likely to cause timing
detection errors. However, the peak is hardly affected by the
-12dB NBI in the proposed method, thus achieving as good
performance of timing detection as that without NBI.

The false probabilities of the integer CFO estimation and
signaling detection are depicted in Fig. 7. From Fig. 4 and
Fig. 7, it’s observed that both integer CFO and signaling
could be well estimated if the preamble is detected. It should
be pointed out that, only if both peaks are detected then
the signaling could be decoded correctly. Therefore, the false
probability of signaling detection Py i, and the false prob-
ability of integer CFO estimation Pfccro approximate the
following equation,

Pjsig =1 — (1 — Pf1ucro)? (18)

The simulation results in Fig. 7 are aligned with the above
analysis.

VI. CONCLUSION

An OFDM-based preamble has been designed for improv-
ing timing and frequency synchronization as well as robust
signaling information transmission in the power line channels
with NBI. Compared to conventional Schmidl’s and Minn’s
methods, the proposed preamble could achieve better timing
synchronization performance with a moderate cost of complex-
ity. With a simple scrambling operation, the proposed pream-
ble could effectively combat the narrowband interference in
power line channels. Furthermore, by using special designed
sub-carrier pattern, the preamble could also convey several bits
of signaling for the receiver to acquire the basic transmission
parameters quickly. Simulation results verify that the proposed
preamble design is applicable in power line communication
channels.

ACKNOWLEDGEMENT

This paper is supported by the National High Technology
Research and Development Program of China (Grant No.
2012AA011704) and National Key Basic Research Program
of China (Grant No. 2013CB329203).

256

Authorized licensed use limited to: Xiamen University. Downloaded on January 13,2021 at 11:08:44 UTC from IEEE Xplore. Restrictions apply.



[1]

[4]

[5]

(6]

(71
(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

(18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

M. Zimmermann and K. Dostert, “Analysis and modeling of impulsive
noise in broad-band powerline communications,” IEEE Trans. Electro-
magnetic Compatibility, vol. 44, no. 1, pp. 249-258, Feb. 2002.

J. A. Cort’es, L. D’ez, F. J. Ca nete, and J. J. S’anchez-Mart’nez,
“Analysis of the indoor broadband power-line noise scenario,” [EEE
Trans. Electromagnetic Compatibility, vol. 52, no. 4, pp. 849-858, Nov.
2010.

M. Katayama, T. Yamazato, and H. Okada, “A mathematical model of
noise in narrowband power line communication systems,” IEEE Journal
On Selected Areas In Commun., vol. 24, no. 7, pp. 1267-1276, Jul. 2006.
Telecommunication standardization sector of ITU, G.9960: Unified high-
speed wire-line based home networking transceivers - system architec-
ture and physical layer specification, 2010.

L. Lampe and J. Huber, “Bandwidth efficient power line communications
based on OFDM,” International J. Elect. and Commun., vol. 54, no. 1,
pp-2-12, 2000.

L. Hanzo, M. Mnster, B. J. Choi, and T. Keller, OFDM and MC-CDMA

for Broadband Multi-User Communications, WLANs and Broadcasting,

Chichester, U.K.: Wiley, 2003.

W. Y. Zou and Y. Wu, “COFDM: an overview,” IEEE Trans. Broadcast.,
vol. 41, no. 1, pp. 1-8, Mar. 1995.

B. P. Crow, 1. Widjaja, L. G.Kim, and P. T. Sakai, “IEEE 802.11 wireless
local area networks,” IEEE Commun. Mag., vol. 35, no. 9, pp. 116-126,
Sept. 1997.

L. Vangelista, N. Benvenuto, S.Tomasin, C. Nokes, J. Stott, A. Filippi,
M. Vlot, V. Mignone, and A. Morello, “Key technologies for next-
generation terrestrial digital television standard DVB-T2,” IEEE Com-
mun. Mag., vol. 47 , no.10, pp. 146-153, Oct. 2009.

Jan-Jaap van de Beek, M. Sandell, and P. L. Borjesson, “ML estimation
of time and frequency offset in OFDM systems,” IEEE Trans. Signal
Processing, vol. 45, no. 7, pp. 1800-1805, July 1997.

T.M. Schmidl and D.C. Cox, “Robust frequency and timing synchroniza-
tion for OFDM,” IEEE Trans. Commun., vol.45, no.12, pp.1613-1621,
Dec. 1997.

H. Minn, M. Zeng, and V. K. Bhargava, “On timing offset estimation for
OFDM systems,” IEEE Commun. Lett., vol.4, no.7, pp. 242-244, July
2000.

L. He, F. Yang, C. Zhang, and Z. Wang, “Synchronization for TDS-
OFDM system over multipath fading channels,” IEEE Trans. Consumer
Electronics, vol. 56, no. 4, pp. 2141-2147, Nov. 2010.

L. He, F. Yang, K. Peng, and J. Song, “A novel PN complementary pair
for synchronization and channel estimation,” IEICE Trans. Commun.,
vol. E93-B, no. 11, pp. 3189-3192, Nov. 2010.

J. Godoy, F. Canete, J. Cortes, L. Diez, “A study on symbol timing
recovery schemes for broadband in-home PLC,” Power Line Commu-
nications and Its Applications (ISPLC), 2012 16th IEEE International
Symposium on, pp.188-193, 27-30 Mar. 2012.

G. Bumiller, L. Lampe, “Fast burst synchronization for power line
communication systems,” EURASIP Journal on Advances in Signal
Processing, Special Issue: Adv. Signal Processing and Computational
Intelligence Techniques for Power Line Commun., 2007

C. Eklund, R. B. Marks, K. L. Stanwood, and S. Wang, “IEEE standard
802.16: a technical overview of the wirelessMAN air interface for
broadband wireless access,” IEEE Commun. Mag., vol. 40, no. 6, pp.
98-107, Jun. 2002.

A.J. Coulson, “Narrowband interference in pilot symbol assisted OFDM
systems,” IEEE Trans. Wireless Commun., vol. 3, no. 6, pp. 2277-2287.
Nov. 2004.

M. Marey, and H. Steendam, “Analysis of the narrowband interference
effect on OFDM timing synchronization,” /EEE Trans. Signal Process-
ing, vol. 55, no. 9, pp. 4558-4566, Sept. 2007.

X. Zhou, F. Yang, and J. Song, “Novel transmit diversity scheme for
TDS-OFDM system with frequency-shift m-sequence padding,” IEEE
Trans. Broadcasting, vol. 58, no. 2, pp. 317-324, Jun. 2012.

Z. Liu, F. Yang, and J. Song, “Novel channel estimation method based on
training sequence cyclic reconstruction for TDS-OFDM system,” IEICE
Trans. Commun., vol. E94-B, no. 7, pp. 2158-2160, Jul. 2011.

X. Zhou, F. Yang, and J. Song, “A novel noise suppresssion method in
channel estimation,” /EICE Trans. Funda., vol.E94-A, no.10, pp. 2027-
2030, Oct. 2011.

L. He, Z. Wang, F. Yang, S. Chen, and L. Hanzo, “Preamble design using
embedded signaling for OFDM broadcast systems based on reduced-
complexity distance detection,” IEEE Trans. Vehicular Technology, vol.
60, no. 3, pp. 1217-1222, Mar. 2011.

[24]

[25]

257

L. He, F. Yang, and Z. Wang, “Robust physical layer signalling trans-
mission over OFDM systems,” IEICE Trans. Commun., vol. E94-B, no.
10, pp. 2900-2902, Oct. 2011.

M. Zimmermann and K. Dostert, “A multipath model for the powerline
channel,” IEEE Trans. On Commun., vol. 50, no. 4, pp. 553-559, Apr.
2002.

Authorized licensed use limited to: Xiamen University. Downloaded on January 13,2021 at 11:08:44 UTC from IEEE Xplore. Restrictions apply.



