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Abstract—The past few years have witnessed a tremendous
development in power-line communications (PLC) for the realiza-
tion of smart grids. Since power lines were not originally intended
for conveying high frequency signals, any communication over
these lines would be exposed to severe adversarial factors, such
as interference, impulsive and phase noise. This elucidates the
importance of employing robust modulation techniques and
motivates research in this direction. Indeed, the aim of the
paper is to propose a differential chaos shift keying (DCSK)
modulation scheme as a potential candidate for smart grid
communication networks. This DCSK class of non-coherent
modulation is very robust against linear and non-linear channel
distortions. More importantly, the demodulation process can be
carried out without any channel estimator at the receiver side.
In this work, we analyse the bit error rate (BER) performance of
DCSK over multipath PLC channels in which phase, background
and impulsive noise are present. A simulator is developed to
verify the performance of the proposed DCSK against direct
sequence code division multiple access (DS-CDMA) and direct
sequence differential phase shift keying (DS-DPSK). The results
presented in this work prove the advantages of this low-cost non-
coherent modulation technique for PLC systems over its rivals.

Index Terms—Non-coherent chaos-based communication sys-
tem, PLC, Impulsive noise, Performance analysis.

I. INTRODUCTION

Despite the fact that power-line communications (PLC) have

been around for more than a century, it has only recently

received particular attention due to the emergence of inter-

esting novel applications. A paradigm known as smart grids

drives a fast track adoption of the PLC technology. This recent

interest in smart grids stems from the imminent increase in

electricity needs of our societies. To cater to such burgeoning

demands, one shall realize that power generation/distribution

can no longer be fulfilled locally and in a static manner.

In fact, our existing power grid systems are operating way

below their optimal points and are inert for the lack of

coordination, agility, and feedback from fields. Considering

the scale of power grids in a country like United States,

where more than 9000 power generating units are pumping

almost one million megawatts of electricity into more than

300, 000 miles of transmission lines, adding intelligence and

autonomy can hugely improve the generation, distribution,
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and utilization efficiency [1]. Moreover, such coordination

can effectively reduce maintenance and restoration costs and

delays, handle peak demands and improve security measures.

An economically justifiable and smooth solution is to send

data and electricity over the power line (PL) commodities,

concurrently. Further to the aforementioned remote sensing

role, PLC can be a ubiquitous platform capable of offering

high data rate access to information in most populated cities

as well as remote areas on a plug-and-play basis [1]. In other

words, PLC is a cheap alternative to both the digital subscriber

line (DSL) and the optical networking and wireless regional

area networks (WRANs). Notwithstanding its advantages, PLC

faces several disadvantages if utilized in its current unaltered

form. For the most part, power transmission medium is not

ideal to carry signals with frequencies much higher than

50−60Hz. In fact, experimental results unveiled attenuation as

high as 10−30dB for data transmission over low voltage lines

and 100dB for transmission over medium and high voltage

lines. Additionally, transformers can easily filter out the car-

rier signal, altogether. Beyond all these, interference induced

from outside sources into PLs, multipath corruptions and the

back-propagation of noise into the wires from loads such as

switching devices and home appliances can superimpose and

render the received signal completely undecodable [2]. It is

important to note that the coherence time of different channel

gains in a PLC system is high [2].

To tackle these shortcomings and obstacles, separate stan-

dardization working groups, such as IEEE P. 1901 and Eu-

ropean telecommunication standard institute (ETSI), are cur-

rently working toward developing robust modulation schemes

for PLC. Among many proposals, wideband modulation

schemes such as orthogonal frequency division multiplexing

(OFDM) and code division multiple access (CDMA) have

gained prominence and been considered for possible adoption

into futuristic PLC architecture [3].

On the other hand, three types of noise can severely hinder

communication over PLs: background noise [4], phase noise

and impulsive noise. Many communication systems assume

that the background noise in PLC is an additive white Gaussian

noise (AWGN). This is usually done to derive the analytical

closed-form expression bounds of several performance met-

rics. Indeed, it has been experimentally verified in [5]–[7] that

this latter follows the Nakagami-m distribution. The phase and

impulsive noise have random but periodic natures and occur

in short bursts. Impulse noise has much wider power spectral

density (PSD) than the background and phase noise [5]–[7].
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To alleviate the impairments caused by these three noise types,

chaotic-based modulation is proposed in this paper. This is in

motivation by the fact that chaotic signals can be generated

using off-the-shelf electronic devices. Moreover, due to their

high sensitivity to initial conditions, chaotic maps can generate

infinite number of signals with extremely low cross-correlation

levels, at least in theory. Owing to their favorable wideband

characteristics, chaotic signals have proved to be one of the

native candidates for multi-user spread-spectrum modulation

schemes [8]–[10].

Moreover, several studies have addressed multi-user inter-

ference and the peak-to-average power ratio (PAPR) miti-

gation using chaos-based sequences proving that the latter

outperforms exploitation of Gold sequences in multi-user

spread-spectrum communication systems [11]. Among various

existing chaotic-based schemes, differential chaos shift keying

(DCSK) gained recent popularity [10] due to its needlessness

to either synchronization or channel state information (CSI)

as well as its simple non-coherent detection.

Moreover, despite the fact that detection in DCSK and

differential phase shift keying (DPSK) is done non-coherently

where both are needless of CSI at the receiver side [12], [13],

DCSK is more resistant against multipath fading and non-

linear distortions. This renders it an attractive alternative for

ultra wide band (UWB) systems [9], [10], [13].

Contributions: In this paper, we introduce DCSK as a

robust and inexpensive modulation scheme for power-line

communications. The underpinning reason for such choice is

implementation simplicity and its robustness against linear and

non-linear channel distortions. To prove this claim, DCSK

performance over PL channels with multiple echoes and in

the presence of background, impulsive, and phase noise is

evaluated through the derivation of closed-form analytical

expression of the bit error rate (BER) and developing a system-

level simulator. For validation purpose, the performance of

DCSK is compared with DS-DPSK and DS-CDMA systems.

To the best of our knowledge, this study is the first to analyze

the performance of DCSK in PLC systems. In fact, the choice

of DCSK system is because of its designation as a prominent

benchmark for transmit reference non-coherent modulation

class.

II. DCSK SYSTEM MODEL AND DESCRIPTION FOR PLC

CHANNELS

As shown in Fig. 1, each bit bi = {−1,+1} in the DCSK

modulator is represented by a chaotic signal that is comprised

of two parts; the first part is allocated to the reference

symbol, and the second part to the data-carrying symbol.

If +1 is transmitted, the data-carrying sequence is equal to

the reference sequence, and if −1 is transmitted, an inverted

version of the reference sequence is used as the data-carrying

sequence. In the present system, TDCSK = 2Tb = 2βTc is

the length of DCSK frame interval for each bit, where Tc is

the chip-time, β is an integer referring to the reference length,

and Tb is the bit duration. The bandwidth spreading factor in

DCSK is defined as the ratio of the bit period Tb to the chip

period Tc which is equal to β. During the ith bit interval, the

Chaotic 

Generator Delay

(a) DCSK transmitter.

Delay

Correlator Threshold

(b) DCSK receiver.

Fig. 1: A diagrammatic representation of DCSK transmit-

ter/receiver.

discrete form of the baseband signal sequence at the output of

the transmitter, denoted by en,i, is given by

en,i =

{

xn,i, 1 < n ≤ β

bixn−β,i , β < n ≤ 2β
, (1)

where xn,i is the chaotic sequence used as the reference signal

and xn−β,i is its delayed version. As depicted in Fig. 2, the

channel model considered in this paper is the echo model

developed for the PL channel in [14] whose impulse response

is denoted by

h(t) =
L∑

l=1

αlδ(t− τl), (2)

where δ(t) is the impulse function, αl, τl are the gain and

delay of the lth path, respectively, and L is the number of

existing paths. When propagating through the PL, the DCSK

signal is corrupted with the impulsive and background noise.

Hence, the total additive noise can be modeled as

Yn = wn + In, (3)

where Yn is the total noise, wn is a complex AWGN with

variance σw = N0, and In is the impulsive complex AWGN

noise with variance σI = NI . All the components in (3)

are mutually independent. In this paper, we consider the two-

mixture Gaussian model [3], [15] to represent the PLC channel

impulsive noise that is characterized as follows

In = Bngn, (4)

where gn is a zero mean white Gaussian process and Bn is

a Poisson process whose probability mass function (PMF) is

given by [16],

P (Bn = k) =
e−λt(λt)k

k!
, k = 0, 1, 2, . . . (5)

This equation describes the probability that k impulses of

noise arrive within t seconds and λ represents the average

occurrence rate of the impulse noise. The multiplicative model

in (4) describes a process with random amplitude gn that

affects each transmitted symbol independently and randomly

according to the probability distribution of Bn. In our model,
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Channel

Fig. 2: Power line echo channel in the presence of background,
impulsive and phase noise.

we take into account the effect of phase noise φn on the

performance of PLC [2] by having it modeled as a Winner-

Lèvy process (or random walk), which is formulated, in

discrete form, according to φn = 2π
n∑

t=0

µ(u)du [17]. In this

equation, µ(u) is a zero-mean Gaussian noise with variance

σµ = N0,µ. Putting all above factors altogether, the received

signal is abstractly written as

rn,i =

L∑

l=1

αlen−τl,i
ejφn,i + Yn. (6)

To recover the data at the receiver, the received signal is first

correlated with the complex conjugate of its delayed version.

Then, the real part of this correlated output is extracted and

compared to a threshold. This correlation process is illustrated

in Fig. 1b. In this analysis, it is assumed that the largest

delay τL is much shorter than the chaotic sequence duration,

that is 0 < τL ≪ β, which results in negligible inter-

symbol interference (ISI) [9], [13]. It can be verified that above

condition holds for PLC channels [14]. The decision variable

at the output of the correlator, on the ith bit, would be equal

to

Di = ℜ
[

Tc

β
∑

n=1

( L∑

l=1

αlbixn−τl,ie
jφn,i + Yn

)

×

( L∑

l=1

αlxn−τl,ie
jφn,i + Yn+β

)
∗

]

,

(7)

where ℜ and ∗ are the real-part and complex conjugate

operators. Using the approximation
∑β

n=1
xn−τlxn−τm ≈

0, l 6= m, which is valid for large reference length β, the

variable Di may be further simplified as

Di = Tc

β
∑

n=1

ℜ









L∑

l=1

|α2
l |bix2

n−τl,i

︸ ︷︷ ︸

C1

+
L∑

l=1

αlbixn−τl,ie
jφn,iY ∗

n+β

︸ ︷︷ ︸

C2

+
L∑

l=1

αlxn−τl,ie
−jφn,iYn

︸ ︷︷ ︸

C3

+ YnY
∗

n+β
︸ ︷︷ ︸

C4









.

(8)

As seen in (8), through the multiplication of the received

signal with its complex conjugate replicate at the receiver,

the first term C1 becomes independent of the phase noise

making this modulation suitable for PLC applications. To

generate chaotic sequences at the transmitter, the second-order

Chebyshev polynomial function (CPF) xn+1 = 1 − 2x2
n is

employed [18]. The variance of the normalized chaotic map

with zero-mean is equal to one, i.e. Var[x] = E[x2] = 1,

where E[·] denotes the expectation operator. For mathematical

tractability, Tc = 1 throughout this article.

III. PERFORMANCE ANALYSIS OF DCSK OVER PLC

CHANNELS

According to the above analysis, the net BER of the DCSK

system over multipath PL channels, when impulsive and

AWGN noise exist, can be written as PT
b = pP I

b +(1− p)Pb,

where p = λTn is the probability that a bit transmitted with

DCSK is affected by the impulsive noise. Here, the quantities

PT
b , P I

b , and Pb are the total BER, the BER in the presence

of impulsive noise, and the BER without impulsive noise,

respectively. Also, λ is the arrival rate and Tn is the duration

of the impulsive noise. To derive an expression for P I
b , the

mean and the variance of the decision variable given in (8)

are needed. One should note that the signal components of

the decision variable in (8) are independent as the channel

gains, the chaotic sequences and the noise components are all

statistically independent. In addition, the chaotic sequence is

independent of the noise components. As such, for the ith bit,

the mean of the decision variable is the expectation of the

useful signal, namely its first component C1. Thus,

E [Di] =
1

2
bi

L∑

l=1

|α2
l |Eb, (9)

where Eb = 2
∑β

n=1
E
[
x2
n,i

]
is the energy of the transmitted

DCSK bit. It can be readily seen from (9) that the recovered

useful energy is independent from the phase noise φ(t) which

makes this modulation robust to phase noise interference. To

derive the variance of Di, we take advantage of the fact

that, for statistically independent terms in (8), the variance of

their sum is equal to the sum of individual term’s variances.

Having this in mind, since Yn and the chaotic signal in (8) are

uncorrelated, the variance of C2 would be equal to 1

Var[C2] =
1

2

(
N0

2
+

NI

2

) L∑

l=1

|α2
l |EbE

[
cos(φi)

2
]

=
1

4

(
N0

2
+

NI

2

) L∑

l=1

|α2
l |Eb,

(10)

where the simplification is due to the fact E
[
cos(φi)

2
]
= 0.5.

By analogy, the third component in (8) has the same variance

Var[C3] =
1

4

(
N0

2
+

NI

2

) L∑

l=1

|α2
l |Eb. (11)

Eventually, Var[C4] is obtained as,

Var[C4] = β

(
N2

0

2
+

N2
I

2

)

. (12)

1Note that V [C2], V [C3], and V [C4] are the variances of real parts of the
complex random variables C2, C3, and C4.



1549-7747 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TCSII.2016.2546901, IEEE
Transactions on Circuits and Systems II: Express Briefs

4

Summing up the terms in (10), (11), and (12) results in the

variance of Di as

Var [Di] =
N0 +NI

4

L∑

l=1

|α2
l |Eb +

N2
0 +N2

I

2
β. (13)

Since bit energies (or chaotic chips) are deterministic vari-

ables, by virtue of the central limit theorem, the decision

variable at the output of the correlator can be approxi-

mated by a Gaussian distribution. Knowing the fact that

BER = 0.5(Pr(Di < 0| bi = +1) + Pr(Di > 0| bi = −1)),
the expression for BER becomes

P I
b =

1

2
erfc





(

2Var [Di]

E [Di]
2

)
−0.5



 , (14)

where erfc(x) is the complementary error function defined as

erfc(x) ≡ 2/
√
π
∫
∞

x
exp(−µ2)dµ· For large reference length

β, the transmitted bit energy Eb can be considered constant

for all transmitted bits. On the other hand, when the reference

length is short, the energy variation must be taken into account

[18]. We adopt a constant bit energy for large values of β.

By plugging (9) and (13) into (14), the BER for the DCSK

over multipath channels, and in the presence of impulsive and

AWGN noise, boils down to

P I
b =

1

2
erfc















2 (N0 +NI)
L∑

l=1

|α2
l |Eb

+
4β
(
N2

0 +N2
I

)

(
L∑

l=1

|α2
l |Eb

)2








−0.5






·

(15)

By substituting NI = 0, the BER at the absence of impulsive

noise, i.e. Pb, is attained

Pb =
1

2
erfc















2N0

L∑

l=1

|α2
l |Eb

+
4βN2

0
(

L∑

l=1

|α2
l |Eb

)2








−0.5






·

(16)

Finally, by plugging (15) and (16) into PT
b = pP I

b +(1−p)Pb,

the total BER expression PT
b for DCSK is obtained

PT
b =

p

2
erfc















2 (N0 +NI)
L∑

l=1

|α2
l |Eb

+
4β
(
N2

0 +N2
I

)

(
L∑

l=1

|α2
l |Eb

)2








−0.5






+
1− p

2
erfc















2N0

L∑

l=1

|α2
l |Eb

+
4βN2

0
(

L∑

l=1

|α2
l |Eb

)2








−0.5






·

(17)

where p = Tnλ is the impulsive noise occurrence probability.

IV. DISCUSSIONS AND SIMULATION RESULTS

In order to validate the accuracy of the total BER expression

PT
b obtained in the previous section and to compare the

TABLE I: Profile of the PLC multipath channel

Path ID Channel gains delay (τ(Tc))
1 0.3645 − 0.4860i 0
2 0.3037 + 0.4252i 2
3 0.1822 − 0.3645i 5
4 0.3645 − 0.2430i 1

performance of DCSK to DS-CDMA and DS-DPSK systems,

a simulation model was developed. Table I lists the channel

parameters used in the simulation where the channel gains are

normalized, such that
∑L

l=1
|α2

l | = 1. Fig. 3a shows the BER

of a DCSK modulator transmitting over a multipath channel,

with and without the phase and impulsive noise, for β = 50
and Eb/NI = 7dB. Simulation results perfectly match the

analytical expression derived for PT
b for different values of

impulsive noise occurrence probability p. Despite having a

simple receiver design, DCSK is able to neutralize the effect

of phase noise and compensate for the channel impairments.

Note that a floor BER is observed for any 0 < p ≤ 1. This is

due to the superposition of both interference and impulsive

noise. In the next experiment, the performance of DCSK

is compared to coherent and non-coherent spread spectrum

systems. To that end, the conventional DS-CDMA and DS-

DPSK systems are simulated. All three modulators transmit

an identical data sequence over the same channel, with the

characteristics described in Table I. For DS-CDMA and DS-

DPSK transmissions, Gold sequences are used to spread the

data. The DS-CDMA receiver is equipped with a channel

estimator that estimates the channel gain as well as the phase

noise φ. This channel estimation is erroneous due to the

presence of noise in the PL channel. We plot the performance

of the DS-CDMA system with and without a RAKE receiver.

When the RAKE receiver is used, the system exploits the

diversity gained due to multipath, but at the price of higher

receiver complexity. On the other hand, the DCSK system

is equipped with a much simpler receiver exhibiting high

robustness to multipath and phase noise. In order to have a

fair comparison between these three systems, the DS-DPSK

receiver does not use a RAKE receiver. In this probe, we set

the impulsive noise occurrence probability to p = 0.05 and

we maintain the variance of the phase noise as unity, i.e.

N0,µ = 1, for the duration of four symbols. Since the DS-

CDMA estimator is not perfect, the estimations of the channel

gains and phase noise at the DS-CDMA receiver are done with

error. Such an error is modelled as

ĥ(t) =
√
ρ

L∑

l=1

αl +
√

(1− ρ)ε(t)

φ̂(t) =
√
ρφ(t) +

√

(1− ρ)ε(t),

(18)

where 0 ≤ ρ ≤ 1 is the correlation factor and ε(t) is a

Gaussian random variable with zero-mean and unit variance

representing the estimation error. When ρ = 1, the DS-CDMA

receiver estimates the channel and the phase noise parameters

perfectly. When ρ = 0, the receiver totally fails to correctly

estimate the above quantities. The results of this experiment

are shown in Fig. 3b. As expected, DS-CDMA with perfect

channel estimation, i.e. ρ = 1, has a superior performance

over DCSK. This is owing to the fact the DS-CDMA is
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Fig. 3: Performance evaluation of DCSK system over multipath PLC channels.

equipped with a more complicated coherent receiver. In reality,

the complexity in the structure of coherent CDMA receivers

is the price that should be paid for a boost in performance.

Since one of the prime objectives of the PLC paradigm is

to have inexpensive receivers with robust performance, the

expensive and complex DS-CDMA fails to stand out as a

suitable choice. Nevertheless, as observed in Fig. 3b, DCSK

offers a better performance in comparison to DS-CDMA for

ρ = 0.4 and ρ = 0.6. On the other hand, DPSK shows

a very weak resistance against phase noise and multipath

interference. In fact, while DCSK offers a similar performance

until Eb/N0 = 7dB, it outperforms DPSK for higher Eb/N0

values. Based on the obtained results, we believe that DCSK

can be suitable for PLC applications.

V. CONCLUSIONS

In this paper we propose a DCSK system as potential

candidate for power-line communication (PLC) applications.

The performance of DCSK system was analysed over power

line channel with multiple echoes and in the presence of back-

ground, impulsive and phase noise. A closed-form bit error rate

(BER) expression was derived and computer simulations were

carried out to confirm the accuracy of this analytical finding.

Our results indicate that the proposed system outperforms DS-

DPSK. When the channel estimation is erroneous, DCSK is

superior to DS-CDMA too. For a perfect channel estimation,

DS-CDMA provides a better performance at the expense of

more complicated receiver design. Motivated by these facts,

the DCSK system is introduced as a potential low-cost, robust

modulation scheme for future PLC applications.
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