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NOISE AND MULTIPATH CHARACTERISTICS OF POWER LINE
COMMUNICATION CHANNELS

Hasan Basri Celebi

ABSTRACT

With the recent developments in technology, information and communication technolo-
gies (ICTs) are becoming more widespread and one of the basic building blocks of every
humans life. The increasing demand in broadband communication calls for new technolo-
gies. Power line communication (PLC) is one of the potential candidates for next generation
ICTs. Although communication through power lines has been investigated for a long time,
PLC systems were never taken into account seriously because of its harsh communication
medium. However, with the development of more robust data transmission schemes, com-
munication over the power lines is becoming a strong alternative technology because of the
existence of the infrastructure and the ubiquity of the network.

In order to establish reliable communication systems operating on power line networks
(PLNs), characteristics of power line channels have to be investigated very carefully. Unpre-
dictable characteristics of PLNs seriously affect the performance of communication systems.
Similar to the other communication channels, PLC environment is affected by noise, attenu-
ation, and multipath type of channel distortions. The level of noise in PLNs is much higher
than any other type of communication networks. Furthermore, the frequency dependent
attenuation characteristics of power lines and multipath stemming from impedance mis-
matches are the other distortion factors which have to be investigated in order to establish

a reliable PLC system.

vii



In this thesis, we focus on modeling of noise, frequency dependent attenuation, and
multipath characteristics of power line channels within the frequency range between 30kHz

and 30MHz.
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CHAPTER 1

INTRODUCTION

In the late 1980’s, it had been observed that, fixed telephone services used only a part
of the frequency band available for communication in the copper cables. This idea led to
the invention of digital subscriber line (DSL) technologies. By using this unused frequency
bands, today, millions of houses throughout the world are getting broadband Internet access
services via DSL. The emergence of communication over power lines is similar. Current
standard alternating current (AC) electricity is being transmitted with frequencies at 50 or
60Hz, depending on the region of the world. Hence, it is not hard to see that, almost the
entire frequency band is available for other additional applications. Consequently, it was

proposed to transmit data over the unused frequencies of the power lines.

1.1 Advantages of PLC Systems

The concept of using the power lines for high speed data communication is not new.
Communication over power line has been investigated since 1980’s [1], however, it was
never seriously taken into account because of harsh channel characteristics. For several
years, power line communication (PLC) has been used for low data rate transmission with
the data rates up to a few kilobits per second. However, recent trend in PLC requires the
transformation of the electricity network into high data rate communication medium due

to its inherent advantages. Advantages of PLC systems can be listed as follows:

e The existence of the infrastructure and the unrivalled ubiquity of the network, which
virtually reaches anywhere in the world, makes the PLC medium very promising for

many communication applications such as Internet, data and voice transmission.



e Due to the ubiquity of the existing infrastructure, low-cost broadband may become
a reality in areas that cannot get DSL, cable or wireless broadband. Even homes in
extremely remote areas could now potentially get broadband communication access
by PLC systems instead of satellite broadband communications which suffer from high

latency problem.

e PLC systems will allow broadband Internet access from every socket in every room

which provides the availability to have the access to the Internet everywhere.

e Since the system does not need any additional installations, PLC systems are intro-

duced as plug-and-play devices which are very cost effective and very easy to install.

e PLC systems are accepted as one of the most promising communication opportunities
for smart home applications. It will provide the opportunity to remotely control the
Internet-enabled household appliances without any additional installations. With this
system, it will be possible to control your refrigerators, heating systems, smoke and

fire alarm systems from the Internet. This idea will aid people with mobility problems.

1.2 PLC Systems

A simple PLC system is depicted in Fig. 1.1. The transmitter is located at the left
and the receiver is on the right. The important parameters that effect the communication
medium are the PLC channel itself, the noise added to the signal, and the impedance
mismatches that occur along with the propagation of the signal.

In order to connect the PLC transceivers to the mains line, coupling circuits are used.
These circuits are one of the must-have equipment for PLC systems. The coupling cir-
cuit placed between the transceiver and mains line to block the 50'Hz or 60Hz? frequency

currents in order to protect the system from the mains line voltage.

!This mains line frequency with 50Hz and voltage with 230V has being used in Europe. The reason
for that is at the beginning of twentieth century German AEG was the only power on electrical devices in
Europe. AEG decided that 50Hz is more metric-friendly so they wanted it to be 50Hz [2].

2Mains line voltage is estimated as 120V in the United States (US). The reason for that can be explained
as; the light bulb that Edison had discovered were using 110V direct current (DC). To maintain all the bulbs
even after converting the mains line to AC, the best approximation for the light bulbs was 120V AC. At the
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Figure 1.1 Graphical illustration of the PLC channel

PLC systems are also vibrantly marketing their importance, because in-expensive and

easier-to-use systems. There are several indoor and outdoor applications for PL.C systems.

Indoor power line applications can be listed as follows [3-6]:

e Internet access for Internet protocol (IP) based devices,

e providing a home network for file sharing among computers, printers, cameras, tele-

visions, speakers, gaming tools,

e data file transfer medium for home control systems such as remote monitoring, alarm

systems,

e home automation systems for smart homes,

e in-vehicle network communication,

e remote detection of illegal electric usage,

e measuring the quality of power distributed to houses,

e communication tools for automated metering infrastructure (AMI) for smart grid

systems,

1. communication between electrical home devices and AMI for smart home appli-

cations,

2. communication from house to the central access unit for smart grid systems.

same time, the mains line frequency was determined like the same way in Europe. Since the most prevalent
company on electrical power systems was Westingtone at that time, the system that had been designed by

them was implemented [2].



1.3 Standardization of PLC Systems

The only thing left for the PLC systems to penetrate the communication market is the
availability of an international technical standard. Up to now, CENELEC and HomePlug
standards are the most two popular standards for low data rate and high data rate PLC
systems, respectively. CENELEC is a European organization and it was founded in 1973
as a non-profit organization under Belgian law. CENELEC standards are one of the very
first published standards for PLC systems and it supports data rates up to 128kbps [7].
HomePlug Powerline Alliance is a non-profit organization founded in the United States
(US) by Cogency, Conexant, Enikia, Intellon, Netgear, RadioShack Co., Sharp, Panasonic,
Cisco systems, Motorola, Texas Instruments, Atheros, NEC electronics, Gigle networks,
GE energy, and Broadcom, together with several other participants [8]. The first standard
released by the HomePlug Powerline Alliance group was HomePlug 1.0. It was published in
2001 and supports data rates up to 14Mbps [9]. The next HomePlug standard was revealed
in 2005 and named HomePlug AV [10]. The main purpose of this standard was providing
data rates up to 150Mbps.

To regulate all the released standards throughout the world and publish an international
technical standard for PLC systems, IEEE founded a new working group (WG) in 2005
namely IEEE P1901 WG [11]. This WG is a merge of Panasonic and HomePlug Powerline
Alliance members. The scope of the P1901 WG is to develop an international standard for
high-speed communication devices through AC electric power lines using frequencies below

100 MHz. The goal is to reach data rates up to 100Mbps [12].

1.4 PLC Channel

Although PLC systems are becoming popular because of its existing infrastructure.
Since the main purpose of the power lines was not transmitting high frequency signals,
therefore, power line network (PLN) offer extremely adverse environment for high frequency

signals. Similar to any communication environment, attenuation, multipath stemming from



impedance mismatches, and noise are the three distortion factors which play an important

role in the performance of communication systems over power lines.

e Noise in PLC channels is generated by all the electrical appliances connected to the
grid and it is also caused by the coupling of the radio broadcasters which transmit

their signals over short, middle, and long wave ranges.

e Attenuation is the loss of the power of the signal during its propagation and it depends

on the physical length of the channel and the transmission frequency band.

o Multipath effect in the power line channel is caused by the impedance mismatches and
is mostly dependent on both the physical characteristics and the physical topology of

the channel.

These factors determine the quality of the channel. The quality is mostly a parameter of the
noise level at the receiver and the attenuation of the electrical signal at different frequencies.
The higher the noise level, the harder it is to detect the received signal. If the signal gets
attenuated on its way to the receiver it could also make the decision harder because the
signal gets more hidden by the noise, which is expressed as signal-to-noise ratio (SNR) level
of the signal. SNR is a measure to quantify how much a signal has been corrupted by noise

and calculated as

Psi na
SNRyp = 1010g10( = l) (1.1)

noise
A ratio higher than 0dB indicates more signal power than noise power.
Multipath effect of the channel is the other disturbance while transmitting data over
the channel. Multipath phenomenon can be explained as the transmitted signal reaching

the receiving circuit by two or more paths with different delays.

1.5 Outline of Thesis

Each of these distortion factors must be investigated in detail in order to establish

reliable PLC systems. It is worth mentioning that investigation of each of these channel

5



parameters requires exhaustive filed tests and measurements. Due to the amount of effort
required for understanding their characteristics, the analysis will focus on only two of the
above-mentioned factors. In this respect, noise and multipath in PLC systems will be the
main focus of this thesis.

In Chapter 2, noise in PLC channels is investigated®. A simulation model for PLC
channels is introduced in Chapter 3. Multipath and attenuation characteristics of PLC
channels are analyzed in Chapter 4. In Chapter 5, effects of different PLN topologies on
PLC channels are discussed.*. Conclusions and future studies are summarized in Chapter

6.

3This work is to partly appear in [13, 14]
4This work is to partly appear in [13, 15, 16]



CHAPTER 2

NOISE IN PLC CHANNELS

In conventional communication systems, noise is usually modeled as additive white
Gaussian noise (AWGN). However, the measurements show that this model is not valid for
PLC channel. Noise in PLC systems consists of colored background noise, narrow-band

noise, and impulsive noise.

e (Colored background noise results mainly from the summation of harmonics of mains
cycle and different low power noise sources present in the system. Colored background
noise is usually characterized with a power spectral density (PSD) decreasing with the

frequency.

e Narrow-band noise is caused by ingress of amateur radio and radio broadcasters in
long, middle, and short wave ranges. It mainly consists of sinusoidal signals with

modulated amplitudes.

o Impulsive noise is generated mostly by electrical appliances plugged into the PLN.
This type of noise is considered as the most significant among all type of noise sources

in PLC. Impulsive noise is classified as:
— Periodic impulsive noise synchronous with the AC cycle is caused by the rectifier
diodes used in power supplies which operates synchronously with the mains cycle.

— Periodic impulsive noise asynchronous with the AC cycle is generated by switched-

mode power supplies and AC/DC power converters.

— Aperiodic impulsive noise is caused by switching transients.
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Figure 2.1 Noise types observed in PLC systems

The main sources of the impulsive noise are various electrical devices connected to the
power line network. Impulsive noise needs to be characterized very carefully since it plays
an important role in the performance and reliability of the PLC systems. Some studies in-
vestigating the impulsive noise characteristics of PLC channel are available in the literature.
Noise characteristics of power line networks in various buildings are investigated in [17-20]
by performing measurements at different power outlets. It is worth mentioning that un-
derstanding the impulsive noise characteristics of electrical devices individually is essential
from the communication aspect. In this respect, some results on noise characteristics of
different electrical appliances are presented in [21, 22] as well. In this study, a particular
measurement setup is established in order to investigate the noise characteristics of various

electrical devices. The measurement setup is designed in a way that it significantly reduces
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Figure 2.2 Pictorial description of the measurement setup

the noise power of other undesired noise sources such as narrow band noise and the noise

generated by the other electrical loads within the power line network.

2.1 Measurement Setup

In order to investigate the impulsive noise characteristics of the electrical home devices,
all other types of noise, namely colored background noise, narrow band noise, and impulses
coming from PLN, have been suppressed by establishing an experimental environment which

is depicted in Fig. 2.2.



List of the equipment that was used in the experiments is as follows:

1. anechoic chamber

2. power line filter

w

. line impedance stabilization network (LISN)

4. transient limiter

Ut

. Agilent E4440A PSA series spectrum analyzer

2.1.1 Anechoic Chamber

Anechoic chambers are shielded rooms fitted with Radio Frequency (RF') absorbers. The
main goal of anechoic chambers is attenuating the electromagnetic signals to completely
isolate inside the chamber from outside world activities. Since RF signals in low, middle,
and long wave ranges are coupled to power line cables, in order to isolate both the device
under test (DUT) and the cables inside the chamber from narrowband noise, anechoic

chamber is used.

2.1.2 Power Line Filter

As described in the previous section, PLNs are affected from different noise sources. In
order to increase the reliability of the measurements, rejecting all the noise coming from
PLN is crucial. To suppress the undesired noise which may leak into the measurement
setup from the mains line power line filter is used. The operating frequency of the power
line filter ranges from 30kHz to 1GHz and provides more than 60dB attenuation between

100kHz and 1GHz [23)].

2.1.3 LISN

In power line systems, the impedance of the network is not constant and changes with
mains voltage. This fluctuation causes an impedance mismatch between measurement

equipment and the line. This situation must be eliminated in order to enhance the ac-

10



e to DUT

—e to Spectrum

L Analyzer
R] RZ

Mains Voltage
50 Hz
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curacy of the measurement results. A line impedance stabilization network (LISN) is used
for compensating this inconvenience and generating a known impedance value to get rid of
impedance mismatches, which may hurt the reliability of the measurements. The second
function of the LISN is isolating the measurement equipment from mains voltage.

Block diagram of LISN is depicted in Fig. 2.3. LISNs are “Pi-type” filters and they
are very powerful electrical noise filters. A LISN mainly consists of two capacitors and one
inductor as it is shown in Fig. 2.3. When the power comes from the mains line, capacitor
C offers very low reactance to high frequency components of the received noise and very
high reactance to low frequency components. Consequently, noise at higher frequencies
than 50Hz are rejected and only the low frequency components are kept. Since inductor L
acts as a short circuit for low frequency components and open circuit for higher frequencies,
all the components that belong to higher frequencies are filtered. As a result, only the low
frequency components of the mains line will reach to DUT. When the DUT is turned on,
the higher frequency components seen at point x will all belong to DUT and they will be
prevented to go back to power line by the inductor L. Capacitor Cy will act as the same
as capacitor C] acts. It will transmit the higher frequency components of DUT while it
blocks the components belong to lower frequencies such as the mains line voltage. As a

result, with the help of the resistance Ro, higher frequency components of the noise, which

11



are generated by the DUT, will be captured by the spectrum analyzer in a very efficient

and effective manner.

2.1.4 Transient Limiter

Transient limiter is integrated into the measurement setup to reject transients which

may possibly damage the system hardware.

2.1.5 Spectrum Analyzer

Agilent E4440A PSA series spectrum analyzer was used in order to capture the noise
characteristics of DUT. In every measurement, data with a duration of 200ms was recorded.
Span of the spectrum analyzer is adjusted in a way that the frequency content of captured
signal extends from 30kHz to 30MHz.

Throughout the measurement campaigns, all these measurement equipment itemized
above as well as the DUTs except for the spectrum analyzer are placed inside the anechoic
chamber. In addition, noise data is obtained by plugging each DUT individually into an
outlet within the anechoic chamber not allowing any other device to share the same outlet
at the time of the measurement.

In order to evaluate the effectiveness of the measurement setup before starting the exper-
iments, noise level of two outlets, one inside and the other outside the anechoic chamber, are
compared. As depicted in Fig. 2.4, a remarkable change is observed. It is clearly seen that
the narrow band noise and the noise due to the electrical loads connected to the power line
network are rejected successfully. For most of the frequencies, more than 20dB suppression

of noise is achieved.

2.2 Noise Model and Measurement Data Processing

All the electrical devices connected to the PLN are becoming a noise source while they
introduce different impedances to the network at termination points. It is possible to say for
most of the electrical devices, due to the mains line, the noise generated and the impedance

introduced by the devices are repeating itself for every cycle of AC voltage [24]. This makes

12
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Figure 2.4 Noise levels of two outlets one inside and the other outside the anechoic chamber

the PLC medium a time variant channel. In this section, first the model of the noise in PLC
systems that is widely employed in the literature will be given. Next, the measurement data

processing which is based on the model provided will be detailed.

2.2.1 Noise Model

It is shown that, the instantaneous power spectral density (PSD) of the devices connected
to the PLC network is found to be periodic with the mains voltage frequency [14]. This
periodicity stems mainly from circuitry of the devices and can be 50Hz or 100Hz due to the
fact that some of the devices are affected by the absolute value of the mains voltage, whereas
some by its polarity. Due to their periodic structure, noise in PLC should be analyzed with
a model whose parameters are related to the instantaneous value of the periodic mains line
voltage. Consequently, cyclostationary random signal model is the best model to represent

the noise generated by the electrical devices in PLNs.

13



A process, n(t) is cyclostationary if its mean p and autocorrelation functions denoted

as R(-) satisfy the following conditions:

u(t+mT) = p() (2.1)

Rt+7+mT,t+mT) = R(t+T,1t) (2.2)

The conditions set above indicate that the mean and correlation properties of the process
do not change at the integer multiples of a period T. In PLC systems, 1" corresponds to
half or one AC cycle period, Tj.

In order to verify the cyclostationarity of the noise and show that noise in PLC chan-
nels is repeating itself with a period of T" or T'/2, a simple analysis is performed on one
of the devices measured by the measurement setup. The analysis is based on observing
autocorrelation of the absolute value of the captured noise waveform over a duration that
is a multiple of the AC cycle duration Ty. The result of the analysis, shown in Fig. 2.5,
confirms the cyclostationary model. Note that the autocorrelation of the process is defined
as follows:

R(t+7,1) = E{n(t)n*(t +7)} (2.3)

where F{-} is the statistical expectation operator, (-)* denotes the complex conjugate of its
input, 7 is the time shift in the correlation operation.
Consequently, the instantaneous PSD of noise can be calculated by taking the forward

fast Fourier transform (FFT) operation of the autocorrelation of the signal

S(t, f) = /OO R(t + 7, t)e 2™ dr (2.4)

It can be seen that, the instantaneous PSD is time dependent and periodic as well. In
order to eliminate the time dependency of (2.4) and reveal the average PSD of a cyclosta-
tionary process, an averaging over the duration of Ty must be performed. The average PSD

of a cyclostationary process is given by
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To/2
S(f) =~ / S(t, fdt (2.5)
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2.2.2 Measurement Data Processing

It can be clearly seen from (2.4) that the periodicity in the autocorrelation function
appears as a periodicity in the instantaneous PSD of the random process. Because of this
inherent periodicity, time—frequency analysis (TFA) needs to be employed to reveal the
cyclostationary feature of the noise generated by the devices. TFA is commonly used in
the literature for characterizing and manipulating signals whose statistics vary in time.
Since statistics of noise generated by devices are varying during one AC cycle, averaging
the TFAs over several AC cycles is used to reveal the features of noise. In order to see the
time evolution of the frequency content of the received noise, data denoted as n needs to
be divided into sections considering the mains voltage period Tj.

Assume that the duration of the captured data equals the M multiple of Ty and each
section with the duration of Tj is divided into K pieces. Note that the total duration of the
recorded data equals MTy. Let Nyrx(k,m) denote the discrete data samples falling into

the kth piece within the mth AC cycle:

kTOfs
K

(k + 1)T0fs
K

NKM(kam) = n( +mTyfs : +mT0fs) (2'6)

where k and m are the factors that assume values from 0 to K — 1 and from 0 to M — 1,
respectively. fs is the sampling frequency of the measurement equipment that captures the
noise data, (x : y) implies the inclusion of discrete data samples from start position z till
y. If the periodogram of (2.6) is averaged by considering each of the pieces falling into the

same phase of the AC cycle, the following expression is obtained:

> om0 7o | FFT (Nars (k,m)) 2
M

SNicn (kB,m) = (2.7)

where F'F'T(-) corresponds to forward FFT operation. Note that the time resolution of the
TFA is equal to % = T,. For the ease of understanding, this operation is illustrated in
Fig. 2.6. As can be clearly seen, it basically averages the periodogram of each kth piece in

every AC cycle.
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distributed over [1,4] in the simulations. Characteristic impedance of the cables is set to
10092 and transmitter and receiver are also assumed to be matched to the characteristic
impedance. Impact of physical attributes is statistically investigated by generating 20000
realizations of PLC network for each case taken into account.

Different PLC topologies with different physical attributes are generated by manipulat-
ing the values of h, k, and lengths of interconnections l;,. Difference on h and %k values
results in a change in the dimensions of the submatrices denoted as C'B and CT. How-
ever, it is worth saying that, in order to focus solely on the impact of specific physical
characteristics, simulations are performed with constant number of branching points. For
example, impact of distance between transmitter and receiver is analyzed where the number
of branching points is kept constant at 4 or impact of number of branchings are analyzed
by setting constant number of k for each 20000 realizations. Consequently, there is no need
to change the C'B matrix throughout the simulations for constant branching point number.

C' B matrix can be shown as

0 1 0 0
1 0 1
01 0
CBliy = | : (5.19)
0 1 0
1 0 1
0 ... ... ... 0 1 0

However, since number of branches distributed from each branching point is uniformly
distributed, this case is not valid for C'I' matrix. Size of C'I' matrix will be changed with

the total number of branches h.

h=>Y n (5.20)

=1
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Please note that, as stated before, each n; value is uniformly distributed over [1,4]. Thus,

mapping of C'T" matrix can be shown as

1 0 ... 0 < T, — Bj connection
0 0 ... 1|| <« By — R, connection
10 0

< Branches from B;
10 0

T = || (5.21)

I <« Branches from By
0 1 0

< Branches from B;
00 1

< Branches from By,
00 ... 1

where the first and the second rows represent the interconnections from transmitter to
node By and from receiver to By, respectively. The rest of CT" matrix is expressing other
connections between the termination nodes and branching points.

As discussed in detail in Section 5.1, the corresponding lengths of each interconnection
and impedances at termination points are kept in separate matrices. With any change in the
dimensions of C'M matrix, dimensions of length and impedance matrices will also change.

The impact of number nodes between transmitter and receiver on RMS delay spread
and maximum excess delay can be seen in Fig. 5.14(a). While deriving this figure, distance
between transmitter and receiver and length statistics of the branches were considered to
be 150m and U[10m — 30m], respectively, where U refers to uniform distribution. Upon
the analysis performed, it is concluded that an increase in the number of branching nodes
gives rise to an increase in RMS delay spreads value. This behavior can be related to more
multipath components received and to the multipath components arriving at larger delays
as k increased.
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Figure 5.14 Dependency of RMS delay spread (o) and maximum excess delay (p) on the
number of branching points k between T, and R,

Fig. 5.15(a) and Fig. 5.15(b) show the impact of the distance between transmitter and
receiver on RMS delay spread and maximum excess delay. Throughout the simulations,
number of branching points between transmitter and receiver was kept constant as 4 and

branch lengths are assumed to be uniformly distributed over [10m — 30m]. Similar to the
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Figure 5.15 Dependency of RMS delay spread (o) and maximum excess delay (p) on the
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previous case analyzed, increasing separation distance between transmitter and receiver
leads to the reception of multipath components at larger delays leading to an increase in

RMS delay spread and maximum excess delay values.
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Figure 5.16 Dependency of RMS delay spread (o) and maximum excess delay (p) on the
length statistics of branches

Finally, the impact of branch length statistics is seen in Fig. 5.16(a) and Fig. 5.16(b)
where the number of branching points between transmitter and receiver was set to 4 and
separation distance between transmitter and receiver was 150m. Among all the analyzed

factors, change in branch length statistics seems to yield the most drastic change in delay
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spread values. The reason for that can be explained as, expanding the range of lengths

increase the probability of receiving multipath components with larger delays.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Recently, communication over power lines has been addressed as one of the competitive
technology for indoor digital entertainment communication systems. However, design of
PLC systems requires a very good understanding of noise, attenuation, and multipath char-
acteristics of the power line channel. This thesis is mainly focused on noise and multipath
characteristics of PLC channels within the frequency range between 30kHz and 30MHz.

Noise is regarded as one of the main challenges that has to be addressed for the establish-
ment of reliable PLC based communication systems. Impulsive noise, generated by house
appliances connected to the network, being one of the noise types present in PLC systems,
needs special attention. In Chapter 2, in order to have a better understanding of noise
generated by electrical devices, a novel and reliable measurement setup was established.
The effectiveness of the measurement setup was shown. Several electrical home appliances
were analyzed and the most significant noise sources have been identified. Their features
both in time and frequency are extracted. Peak excursion and maximum power change of
each device has been identified. Additionally, the additive effect of noise in PL.C channels
is investigated.

In Chapter 3, a noise simulation model was introduced. The proposed model takes all
the noise sources under consideration and generates each type of noise, namely colored back-
ground noise, narrowband noise, and impulsive noise, individually. Results were depicted
and discussed.

Mutlipath and attenuation characteristics of PLC channels were investigated in Chapter
4. Reflection and transmission coefficients were derived. Multipath analysis for a T network

is done. In order to have a better understanding on attenuation, a reliable measurement
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setup was established and the attenuation profile, namely ULAP, has been developed. The
estimate values were compared with the measurement results.

In Chapter 5, a matrix based PLC multipath simulation environment was introduced. A
unique path selection algorithm was proposed. Channel transfer functions of several simple

networks are analyzed with relevant discussions. Effect of
e direct line length between transmitter and receiver,
e length of the branches connected to the PLN,
e number of the branches connected to a single node along the direct line,
e impedance values seen at termination nodes,

were investigated. Important relations between the above mentioned physical attributes and
the channel transfer functions are drawn based upon the simulation results. Besides the
investigation of some specific PLNs, impact of the physical characteristics of PLC network
on the channel delay spread parameters, namely RMS delay spread and maximum excess

delay, are studied statistically. Effect of
e number of branching nodes between transmitter and receiver
e separation distance between transmitter and receiver
e length statistics of branches

are analyzed. For each attribute examined, statistics regarding the channel delay spread pa-
rameters are presented by observing corresponding cumulative distribution function (CDF)
curves. Relations between the attributes listed above and the channel delay parameters are
revealed.

This thesis can be considered as a basis for future studies in this field. Future works are

planned as

e investigation of noise, multipath, and attenuation characteristics of power line chan-
nels for higher frequency ranges up to 100MHz,
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e real-time detection of electrical home appliances by investigating the noise they emit

into the PLN while they are operating,

e improvement of multipath simulation environment by introducing the AC cycle and

frequency dependent impedance values,

e design of a reliable orthogonal frequency division multiplexing (OFDM) based PLC

modem.

The purpose of this study is to highlight the importance and the effectiveness of PLC for

next generation communication systems.
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Appendix A Calculation of Reflection and Transmission Coefficients
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Figure A.1 Terminated lossless transmission line

Reflection coefficient in transmission lines is analyzed in a terminated lossless transmis-

sion line as depicted in Fig. A.1.

The total voltage on line can be written as the sum of the incident and reflected waves

V(z) = Vyhe P 4V edP? (A.1)
v+ . Voo

I(z) = 0782 4 20 (302 A2

(2) 7.¢ " t e (A.2)

where VO+ is the amplitude of incident wave and e/ shows the phase difference. The total

voltage and current at the load are related by the load impedance, so at z =0

‘/E)+e_jﬂz + ‘/‘:_)_ejﬁz

7, = ) _ (A.3)
Vie—jﬂz + Vie]ﬁz
Z() ZO
i _
75 = V(0) - Vo £V Zo where 2 =0 (A.4)

1(0) I — 15

Since the reflection coefficient is the ratio between the incident and reflected waves, reflection

coefficient can be written as
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Appendix A (Continued)
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Figure A.2 Transmission line feeding a line of different characteristic impedance

V-
r=-9% A5
v (A.5)
where I' represents the reflection coefficient. If we solve (A.4) for V"
_ ZL - ZO +
=== = A6
0 ZL +ZO 0 ( )
So the term reflection coefficient can be written as
Zr, — Zy
'=—"—— A7
Z1, + Zy (A7)

Transmission coefficient describes the amplitude of the transmitted wave relative to the
incident wave. In order to derive the transmission coefficient, consider a transmission line
connected to another line of different characteristic impedance. If the load line is infinitely
long and terminated with its own characteristic impedance, it can be assumed that no

reflections will receive from its end. A transmission line feeding another one is depicted in

Fig. A.2.
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Appendix A (Continued)

If the transmission coefficient is shown with T

7y - Zo
Z1+ Zy

Virans = T‘/E)+ (Ag)

Viest =TVt where T' =

So the voltage for z < 0 and for z > 0, in the absence of reflections, can be written as

V(z) = Ve P2 (1 + Te?%)  for 2 <0 (A.10)

V(z) =TV, e 9% for z>0 (A.11)

The total voltage at z = 0 should be equal. By equating (A.10) and (A.11) at z =10

Vohe™P%(1 + Tel?P?) = TV Fe 9% for 2 =10 (A.12)

by solving (A.12) transmission coefficient can be calculated as

T=1+T (A.13)
Z1 — 2o
T=1+—— A.14
Z1+ Zy ( )
271
T=——"—"- A.15
Z1+ Zy ( )

It is obvious that reflection coefficient can get a value between [—1, 1], where reflection
coefficient of —1 represents the termination ended by short circuit and 1 represents a termi-

nation ended with open circuit. Consequently, it may be surprising but T may be greater
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Appendix A (Continued)

than unity. However, it should be kept in mind that I" and T are the relative values of the
voltage of the signal. While extracting these coefficients, current values did not analyzed.
In order to show the accuracy of this statement, power values of the incident wave and
reflected and transmitted waves are compared. According to the conservation of energy,
the total power of the signals after the impedance discontinuity point should remain same
with the power of the incident signal.
If the transmission line depicted in Fig.A.2 is taken into consideration, voltage and

current values on the line for z < 0 are

Vico(2) = Vgt e 99%(1 4+ Te2%) (A.16)
‘/0+ —jBz 2jBz
IZ<0(Z) = 76 J (1 —Te ) (Al?)
0

The time-average power flow along the line for z < 0 is

1
P.co = §Re [Vz<0(z) : IZ<0(2)*] (A.18)
B } + —jBz 258z (Vo+) JBz(1 _ T*p— 218z
= 2Re[VO e 77%(1+Te )72 e (1—-T"e )] (A.19)
0
Vi’ . ,
= 0L Re[l — e %07 4 Te%P7 — |12 (A.20)

227

Please note that, characteristic impedance values are mostly real numbers as explained in
Sec. 4.2.1. The middle two terms in the brackets are of the term form x — z* = 2jIm(x)

and so they are purely imaginary. This simplifies the result to
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Appendix A (Continued)

L ——
P.co= 57 (1—1T%) (A.21)
vit? Vit ?
= ’2020‘ —\P\2’2OZO‘ (A.22)
Pinc Prefl

The time-average power flow along the line for z > 0, which is equal to the power of

transmitted wave, is

1 *
P.so = §Re [Vz>0(z) I.>0(2) ] (A.23)
where
Viso(z) = TV, e P2 (A.24)
Vi
I~o(2) = TZLe*jﬁz for >0 (A.25)
1
then
1 . vH*
P.>g = ;Re [Twe—ﬂ»@ZT*(%)eﬂﬁZ] (A.26)
1
75
= A.27

According to the conservation of energy

F)inc = Lrefl + Ptrans (A28)
equality should be maintained. Power of the incident wave is
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Appendix A (Continued)

vit?
and the total power of reflected and transmitted waves can be written as
2 2 2 2
NNV ||V
Prefl + Ptmms — ‘ |2‘Z(;) ‘ ‘ ‘2‘210 ‘ (ABO)
2 2 2
2 Z A '
Vot |? f 22 + 22 — 22,2, 472
:‘0‘(0+1 ) (A.32)
2 Zo(Zo + Zl) ZI<Z0 + Zl)
Vt|? (Zo+ 21)?
:’ 0‘ (Zo+ 21) 5 (A.33)
2 Zo(Z() —+ Zl)
Vo[
=191 A.34
27, (A.34)
SO
Pine = Prefi + Pirans  is achieved for T =1+T (A.35)

which proves that, it is possible to find values of transmission coefficient that are greater

than unity.
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