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ABSTRACT

Power line communication (PLC) system is evolving as a ubiquitous
communication system for high speed broadband data communication. Multicarrier
DS-CDMA (MC-DS-CDMA) technique is an attractive technique in achieving high
data-rate transmission in wireless communication. In this thesis investigations are
carried out to combine the MC-DS-CDMA technology with the features and
characteristics of a PLC system. To find the effectiveness of MC-DS-CDMA system
in a power line channel, a system model is proposed for high speed data
communication through a power line channel using the DS-CDMA with multicarrier
orthogonal FDM (OFDM) technique. Analysis is carried out by considering the
combined effect of power line impulsive noise, channel transfer function, effect of
load impedances and the number of branches in a PLC network without and with path
diversity using rake receiver. Expressions of signal to interference and noise ratio and
bit error rate (BER) at output of CDMA receiver are developed considering the above
limitations. BER performance results are evaluated for different system parameters,
channel parameters, processing gain, number of OFDM carriers and number of rake
fingers. For a given performance level, the optimum values of system parameters like
number of OFDM subcarriers, code length, number of rake fingers for a given system
length, number of branches and load impedances are determined.
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CHAPTER-1

INTRODUCTION

1.1 Power Line Communication

The basic concept of power line communication (PLC) is to transmit information and electricity
simultaneously along power lines as an alternative to constructing dedicated communications
infrastructure. PLC technology integrates the activities of outside the building with those inside the
building at a much higher bandwidth. This means voice and data transmission via the mains supply
voltage network to every power socket in the building, as well as in the reverse direction at high
speed. In recent days, major advances in the fields of modulation, coding and detection enabled the
design of efficient broadband communication systems over power lines. Generally power line
communication systems have been assumed as the systems of low speed and low reliability. The low
qualities of the systems, however, are not inherent of PLC but the result of inadequate design
strategy of the systems. The systems with proper considerations of the characteristics of power line
as a communication medium achieve reliable high speed data transmission in power lines. PLC
make it possible to use ubiquitous electricity power lines for the medium of communications [1].
With the increasing demand for broadband communications, the use of broadband PLC has become
more attractive mainly due to advantages such as the availability of power lines worldwide and the
low cost of installation.

1.2 Limiting Factors of a Wireless Communication System

A signal transmitted through a mobile radio channel undergoes all the mechanisms that govern the
propagation of electromagnetic waves. There are four basic mechanisms influence the propagation of
electromagnetic waves which are described below :

a. Path Loss : The path loss describes a deterministic average attenuation of the signal
strength depending only on the distance between the transmitter and receiver.

b. Shadowing : Shadowing is caused by landscape details obstructing line of sight, such as
hills, forests, bushes, buildings and so forth. It also reflects the changes in the propagation
paths due to movements of the mobile.

c. Multipath Fading : It is a result of the multiple propagation paths created by reflection,
diffraction, and scattering mechanisms which leads to inter symbol interference (ISI).
Multipath fading characteristics depend on whether the transmitter and receiver are in the
line of sight (LOS) or not. The latter is modeled as a rayleigh distribution, while the former
case is modeled as a rician distribution.

d. Carrier Frequency Offset : It indicates the shift in frequency of the signal spectrum
caused by the motion of the objects within the propagation environment.



1.3 Limiting Factors of Power Line Communication

Power lines provide a harsh environment for higher frequency communications signal. As power
lines are not specifically designed for communication, a number of challenges exist as far as data
transfer through this type of network [1]. The most crucial channel properties degrading the
performance of high-speed communication over power lines are given below :

a. Power Line Noise :  Noise in a power line is not an additive white Gaussian noise.
The noise is categorized into four different types of noise and extended into five types.
The five types of noise are colored background noise, narrowband noise, periodic
impulsive noise asynchronous to the mains frequency, periodic impulsive noise
synchronous to the mains frequency and asynchronous impulsive noise. The first three
types of noise usually remain stationary and are summarized as background noise. The last
two noise types are time-varient and are classified as impulsive noise. The impulsive noise
has a short duration with random occurance and a high power spectral density (PSD). It
may cause bit or burst errors in data transmission [1].

b. Multipath Effect :  Multipath effect is another serious problem for PLC because the
distribution of power lines is complicated. Signal propagation usually travels along a
shortest path between transmitter and receiver, but additional paths (echoes) should also
be considered. This will result in a multipath scenario with frequency selective effect. In
any given power line channel, the number of interconnected branches in the link between
sending and receiving end, different terminal loads, and branch lengths cause multipath
(due to transmission and reflection of signals between the transmission line segments) that
are similar to wireless channels. This multipath causes degradation of the signals
propagating in the link between the sending and receiving ends [2].

c. Attenuation :  There are two major causes of high frequency attenuation in a power
line communication channel [3]. The first is attenuation due to ohmic absorption in the
materials that make up the physical channel. This absorption varies with frequency. The
second is attenuation due to reflections from abrupt discontinuities and mismatched
impedances that occur along the power line. These reflections cause part of the signal to
be diverted away from the receiver and absorbed in other parts of the system.

d. Effect of Channel Parameters : Channel parameters like load impedances, line length,
branches etc. affect the performance of power line communication.

1.4 Multiple Access Schemes for Power Line Communication

The capacity of a communication system is measured in bit/s Hz and it shows the maximum amount
of information per spectrum unit that can be sent by all active users. In cellular network design,
capacity refers to the maximum number of users simultaneously served by the system located on the
unit area, or alternatively the maximum value of traffic served by the system per unit area. Multiple —
access capacity has also been defined as the number of users who can be supported at a given error
performance level. Multiple access schemes enable the radio system elements to be used in the most
appropriate combination to efficiently meet the demand of the users at any given situation. The
choice of a multiple-access scheme is one of the crucial decisions made in the design of a radio
communication system since it is closely related with the system capacity. Frequency division

2



multiple access (FDMA), time division multiple access (TDMA) and code division multiple access
(CDMA) are the major access techniques used in conventional mobile radio communication systems.

a. FDMA : It assigns individual channels (frequency bands) to individual users. During the
period of the call, no other user can share that frequency band. If an FDMA channel is not in
use, it remains idle.

b. TDMA : Itdivides the transmission time into time slots and in each slot, only one user is
allowed to either transmit or receive. TDMA shares a single carrier frequency with several
users, where each user makes use of non overlapping time slots. Analogous to FDMA, if a
channel is not in use, the corresponding time slots sit idle and cannot be used by other users.

In both the cases, they assume that all users transmit continuously. But actually, the
percentage of speaker remains active, ranges from 35% to 50%. Low frequency reuse factor
reduces the number of channels per cell. Susceptible to fading, which is caused by
interference between two or more versions of the transmitted signal that arrive at the
receiver at slightly different time.

c. CDMA : A completely different approach is realized in CDMA systems in which all
resources are being allocated to all the active users [4]. Here, each user is assigned with a
unique code sequence to encode its information-bearing signal. The receiver, knowing the
code sequences of the user, decodes a received signal after reception and recovers the
original data. This is possible since the cross-correlations between the code of the desired
user and the codes of the other users are small. Since, the bandwidth of the code signal is
chosen to be much larger than the bandwidth of the information-bearing signal, the
encoding process spreads the spectrum of the signal and is therefore also known as spread-
spectrum modulation. That’s why, CDMA is often denoted as spread-spectrum multiple
access (SSMA). However, if the number of simultaneously transmitting users rises above a
certain limit, the multiple access interference (MAI) becomes too large for the desired signal
to be extracted correctly and contention occurs. Therefore, CDMA system is essentially
interference limited. The ratio of code signal bandwidth to information signal bandwidth is
called the processing gain of the spread spectrum system. High data rate in multiuser
wireless access is demanded by multimedia applications, which require very high bandwidth
with mobility. CDMA is considered to be a strong candidate for next generation mobile
systems to support multimedia services because it has the ability to cope with the
asynchronous nature of multimedia traffic. There are number of properties that are behind
the development of CDMA. Some of those are [5] :

(1) Multiple access capability

(2) Inherent frequency diversity

(3) Interference rejection and anti-jamming capability
(4) Low probability of interception

(5  Universal frequency reuse

(6) Soft handoff

(7)  Soft capacity



There are various schemes of CDMA system which are given below [6]:

CDM
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Fig. 1-1 Various CDMA Schemes

There are number of coding and modulation techniques that generate spread spectrum signals. Some
important schemes are [6] :

(1) Direct Sequence CDMA (DS CDMA) :  The information bearing signal is
multiplied directly by a high chip rate code signal.

(2) Frequency Hopping CDMA (FH CDMA) : The carrier frequency at which the
information-bearing signal is transmitted, is rapidly changed according to the code
signal.

(3) Time Hopping CDMA (TH CDMA) : The information-bearing signal is not
transmitted continuously. Instead the signal is transmitted in short burst where the
times of the bursts are decided by the code signal.

(4) Multi Carrier CDMA (MC CDMA) : Two or more of the previously-mentioned
modulation techniques can be used together to combine the advantages and to
combat their disadvantages. In MC-CDMA, transmitter spreads the original data
stream over different sub-carriers using a given spreading code in the frequency
domain whereas, in MT-CDMA, spreading is done along the time domain.
However, in MC-DS-CDMA, spreading of signal is done in time domain which is
then modulated in diversified frequencies.

15 Single Carrier Vs Multicarrier CDMA System

The choice of a single carrier or multi carrier CDMA scheme is an important design consideration.
Future mobile radio systems have to support a variety of services such as voice, video and high-rate
data communications. Towards this goal, the system must be able to support variable and high bit-



rate transmission, and with high bandwidth efficiency, bearing in mind the limited radio frequency
spectrum [7]. In mobile environments, high data-rate transmission will result in the channel delay
exceeding the symbol duration. In this case, the single carrier DS-CDMA system is subject to a
severe ISI. MC modulation, a technique to reduce the symbol rate, is then essential, where the carrier
frequencies are chosen to be orthogonal to one another [8]. Combination of MC modulation
techniques with DS-CDMA forms the MC-CDMA system. In multi-carrier CDMA systems,
frequency diversity may be achieved by repeating the transmitted signal in the frequency domain
with the aid of several sub-carriers to increase the capacity of the multicarrier CDMA systems.
Additionally, it is also possible to use the spreading operation for multiple code transmissions to
increase the data rate. As a result, a system operating with MC-CDMA technology can be flexibly
changed from single-device transmission with high-data-rate transmission to multiple device
transmission with a low data rate for each device. But all these achievements are obtained with the
expense of increased system complexity.

1.6 OFDM Systems for Power Line Communications

Orthogonal frequency division multiplexing (OFDM) systems has been a major candidate for PLC
systems [9]. OFDM performs better than single carrier in the presence of impulsive noise. OFDM
spreads the effect of impulsive noise over multiple symbols due to discrete fourier transform
operation in the receiver. The addition of cyclic prefix(CP) in OFDM symbols can mitigate the effect
of multipath.

OFDM is based on parallel broadband data transmission which reduces the effects of multipath and
leads to unnecessary equalization techniques. In the transmitter, the high speed data being
transmitted are first coded, interleaved, and then mapped. The data are then converted into parallel
data and transmitted in several channels. The transmitted data of each parallel sub channel are
modulated by either phase shift keying (PSK) or quadrature amplitude modulation (QAM). The data
are fed into an inverse first fourier transform (IFFT) circuit which generates OFDM signals. The
signals are fed into a guard time insertion circuit to reduce ISI, which is connected to the power line
channel. In the receiver, the guard time is removed, and the orthogonality of channels is maintained
by using the FFT circuit. Since the data in the FFT circuit are parallel, parallel to serial conversion is
performed by using coherent detection for which channel estimation is necessary. The estimates are
necessary so that data can be demodulated correctly. Channel coding is also necessary to improve
channel performance.

1.7 Merits of Multicarrier DS CDMA Technique

In comparison to the pure DS-CDMA using only time domain spreading and pure MC-CDMA using
only frequency domain spreading, it has been demonstrated that the multi-carrier DS-CDMA has the
highest flexibility and the highest number of degrees of freedom for reconfigurations [10]. With a
multi-carrier modulation technique, the entire bandwidth of a multi-carrier direct sequence code-
division multiple-access system (MC-DS-CDMA) system is subdivided into several narrow-band
sub-channels operating at lower data rates. So, there is only flat fading, which has no inter-chip
interference ( ICI), in each subchannel if the number of sub-carriers is chosen properly. These
properties render the MC DS-CDMA a versatile multiple access scheme that is suitable for cognitive
and software-defined radios [10].



1.8 Motivation of this Thesis

Power line communication technology has emerged as a very attractive alternative for the provision
of broadband communications services over medium and low-voltage power lines. The economic
and operational viability of using this technology leans on the current availability of low cost PLC
equipment, besides the utilization of the power network infrastructure already in place. For a PLC
network, the available infrastructures are indoor and outdoor and the usable frequency band is
narrowband and broadband. However, it is observed that a number of challenges exist as far as data
transfer through this type of network [1]. Multicarrier DS CDMA has been considered to be an
attractive technique in achieving high data-rate transmission. Therefore, this scheme has been
analyzed and incorporated in PLC technology to evaluates it’s capabilities for applicability in
different aspects. As the system performance is greatly influenced by the limiting factors like power
line channel parameters, system parameters, interference, noise, fading, attenuation, multipath
propagation, the evaluation in terms of BER performance is to be done at different extent of these
effects.

In order to evaluate the above mentioned performance of the system, in this thesis, an analytical
approach has been chosen for said work.

1.9 Review of Previous Works

Significant amount of investigations are reported already by different scholars to analyze the
performance of PLC system by using various communication techniques [1-2],[9],[12],[14],[15-
16],[20],[24],[26-27]. But in all the cases, the concentration was mainly on the effects of
communication parameters, both the influence of  power line network parameters and
communication parameters together was not focussed. Some of the studies are briefly described in
Section 2.7, Chapter 2.

1.10 Objectives of this Thesis Work

The objectives of this research are :

a. To propose an analytical model of a PLC system with MC-DS CDMA and to carry out the
performance analysis considering the combined effect of power line impulsive noise,
channel transfer function and the effect of load impedance and the number of branches in a
PLC network without and with path diversity using a rake receiver.

b. To evaluate the BER performance results for different system parameters, channel
parameters like line length, load impedance, number of branches, throughput, number of
OFDM carriers, number of rake fingers etc.

c. To determine the optimum values of system parameters like number of OFDM
subcarriers, code length, number of rake fingers for a given system length and number of
branches and load impedances at a given BER.



1.11 Organization of this Thesis Paper

The outline of this thesis paper is organized as follows :

Chapter 2:  This chapter reviews the fundamental concept of power line communication channel
with power line noise. For better understanding, it starts with the power line networks with one
interconnection and its transfer function. It then discusses power line networks with one
interconnection and one branch, power line with interconnection and a number of branches, power
line network with distributed branches. Noise in a power line channel is also discussed here. Review
of previous works on PLC is discussed.

Chapter 3:  An analytical model of a PLC system with MC-DS-CDMA is proposed and analysis is
carried out for the PLC link without and with diversity using a rake receiver. Analytical expression
of received signal, MAI, Noise, SINR and BER has been developed without and with diversity using
a rake receiver.

Chapter 4. This chapter presents the BER performance results obtained analytically for various
system parameters and optimum system parameters are determined.

Chapter 5: It includes the conclusions and the scopes of future works on this subject.



CHAPTER-2

BACKGROUND AND RELATED WORKS

2.1 Introduction

With the increasing demand for broadband communications, the use of broadband power line
communication has become more attractive mainly due to advantages such as the availability of
power lines worldwide and the low cost of installation. However, as power lines are not specially
designed for communication, a number of challenges exist as far as data transfer through this type of
network is considered [1].

Power lines provide a harsh environment for higher frequency communication signal. The most
influencing properties of this hostile medium in the performance of high speed communications are
signal distortion due to frequency dependent cable losses, multipath propagation and noise [1].
Several techniques were adopted to model transfer characteristics of power line network.
Considering the all drawbacks and difficulties of all models, transfer function of power line channel
was developed that can ensure uniformity in obtained result. The derived model based on reflection
and transmission factors, while taking into consideration of loads, distances, and interconnection
nodes. In any given power line channel, the number of interconnected branches in the link between
sending and receiving end, different terminal loads, and branch lengths cause multipath (due to
transmission and reflection of signals between the transmission line segments) that are similar to
wireless channels. This multipath causes degradation of the signals propagating in the link between
the sending and receiving ends.

The power line noise has been analyzed using different models. The model suitable to analyze
impulsive noise is the Middleton Class —A model [11]. The impulsive noise has a short duration with
random occurance and a high power spectral density (PSD). It may cause bit or burst errors in data
transmission.

2.2  Power Line Networks with One Interconnection

2.2.1  Signal Propagation

7s  ALZ] ) ;,Z @ cC

Fig. 2-1 Transmission line with one interconnection



Consider a transmission line shown in Fig. 2-1. V, and Z_ are the source voltage and impedance,
respectively[15], AB and BC are transmission lines with characteristics impedance Z,andZ,
respectively while Z , is the load impedance. When the transmission line is excited with a pulse at

point A, signal v* will propagate to B. The signal, which will propagate through the line, is given by
ve ™ where v* is a terminal voltage, y, is the propagation constant, and |, is the arbitrary length

that the signal travels toward B. The incident signal wave at point B is given by v*e™”“, where L, is

the length of transmission line 1. On reaching point B, two waves will be generated, the first being
the reflected wave back to A and the second wave will travel toward C. The incidence wave at C will
generate two waves, one will travel toward the load and another one is the reflected wave toward
node B. Generally, in the first instant, there will be three waves traveling between nodes B and C.
The first is the direct wave, the second is the wave reflected at node C, and the third is the wave
reflected at B back to C. The reflections at all points will continue until all signals have been
significantly attenuated. In addition, the wave reflected at node B from the initial pulse on reaching
node A will be reflected back and initiate a similar trend. It is perceived that in transmission line 2,
there will be three signals. The expression for the direct signal from transmission line 1 is given by
Eqg.(2.1), while the expression for the reflected signals at point B is given by Eq.(2.2). The reflected
signal at point C is given by Eq.(2.3). Eq.(2.1) to Eq.(2.3) give the first signals transmitted from
transmission line AB to BC and parameters f,,,B,,,A,, and f, are given in Eq.(2.4) to Eq.(2.7),

respectively. The parameters p,,,p, and p,,are reflection factors from transmission line 2 to
transmission line 1, that of the source and that of transmission line 1 to transmission line 2,
respectively. T, and T,, are transmission factors from transmission line 2 to transmission line 1 and
vice-versa respectively. L, and I, are the length of transmission line 2 and arbitrary length that the
signal has traveled respectively. The first transmitted signal (V,,) is given by Eq.(2.8). When the
first signal is incident at point B, a reflected signal toward A will be generated with reflection
coefficient p,,. On reaching point A, the signal will be reflected back with reflection coefficient p,
The general trends are as expressed in Eq.(2.9). The parameter o, and M are the reflection

contribution in the source transmission line and reflection times respectively. The total incidence
waves at point C are given by EQ.(2.10), where L is the total number of reflections at point C. The

total received signal at load Z , is given by Eq.(2.11), where T, is the transmission factor to load
ZL2

Vosao = (L+ By ) B8 7" (2.1)
L

Vo, = Z (1+ 1321)ﬁzplepl\lle_h(ZNLﬁlz) (2.2)
N=1

L

N-1 N 4-7,(2NL,-1,)

Vo = Z 1+ B, ﬁzpu ppe
N=1

(2.3)
By = By 21A21 21A21 21A2313 4 (2.4)
1-B, 1 B,iA, 1 BZlA21 1 A,B;
B, = ( ylZLlT 2 e )pLZTles (2.5)



Aoy = propn (2.6)

182 =T129_y1L1V+ (2.7)
Vo1 =Vorap +Vaor + Ve (2.8)
ay=py " pp e ) (2.9)
L
VCincident = ZO(21V21 (210)
M=l
Vv, ZTL2a21 21 (2.11)

M=1
2.2.2  Power Line Transfer Function

The transfer function H,(f) is the ratio of the received signal at load Z,, to the input signal at node
A. The transfer function can be represented by Eq.(2.12) and Eq.(2.13). The parameter H 21(f) Is as
given in Eq.(2.14), where H,,, H,, H,  and S, are given in Eq.(2.15)-Eq.(2.18) respectively. The
parameters in Eq.(2.15)- Eq.(2.17) are in the frequency domain

Ho(F) =2
v (2.12)
L
HZ(f)ZzTLaﬂHZl(f)
m-1 (2.13)
H21(f): HZla + HZlb + HZlc
(2.14)
H 21a — (1"‘ /321 )ﬁseihlz
(2.15)
L
H,p = Z(l"' ﬁ21)ﬁ3P21PN Ta2Nutl)
N= (2.16)
3 N-1 N (2NL,-1,)
L DY Z 1+ By ﬁ3P21 pLe T
N=1 (2.17)
Bs =T12e_n|_1
(2.18)

2.3 Power Line Networks with One Interconnection and One Branch
2.3.1 Signal Propagation
Fig. 2-2 shows a transmission line with one interconnections and a branch where,
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Fig. 2-2 Transmission line with one interconnection and one branch

L,,L, and L, are the lengths of transmission lines and 1,1, and l,are arbitrary distances the signal
has travelled from node A to node B, node B to node D, and node B to node C respectively. Z,, and
Z, , are the load impedances [15]. Assuming that the loads are not terminated in their characteristic
impedances, the received signal at load 2 (Z,,) is the contribution from transmission line 1 and
transmission line 3. The signals at load 2 from transmission lines 1 (V,,)and 3(V,;) can be
represented by EQ.(2.19). The parameter «,, is shown in Eq.(2.20) where each parameter of

transmission line 1 in Eq.(2.9) is replaced by that of transmission line 3. The other parameters are
givenin Eq.(2.21) - Eq.(2.28)

L
V,= Z (0‘ Vo + a23V23) (2-19)
M =1
:pM3 1’03'\2 -1g-73(2(M-1)Ls) (2.20)
V23 :V V23b +V230 (2-21)
Vi =(1 +/323 )B.re 7 (2.22)
Vs, = Z 1+, lBlszpst lpl\ll Ta(2N) (2.23)
N=1
L
Vose = 1+ﬁ23 ﬁ132p23pN 2(2NLare) (2.24)
N=L
ﬁzs _ BZS + 23A23 + 23A23 + 23A23 .......... (225)
1-By 1-ByA,; 1- stAzs 1-Ay 833
Bias =TisT30 1€ g 72t (2.26)
By =PLsPral2ale ro(2lalg el (2.27)
Ay = pL3p23e7y2(2 =) (2.28)

2.3.2  Power Line Transfer Function

The transfer function at load 2 is given in Eq.(2.29). The parameter H,;(f) is as shown in Eq.(2.30)
where H,,,,H,,, H,;. and B, are given in Eq.(2.31) — Eq.(2.34). The parameters in Eq.(2.31) -
Eq.(2.33) are in frequency domains

11



H2(f):i(a21H21(f)+a23H23(f)) (2.29)

Hza(f):sta"'stb"'stc (2-30)
Hyga =(L+ B ) B 7™ (2.31)
L
Hoa = z (1 + B )ﬂ133p2Nl_1p i\lle—n(Z Ne) (2.32)
N=L
L
H s :z (1"' Bas )ﬁlsspzl\ip E‘le_h(ZNLZHZ) (2.33)
N=L
Bias :T13T23PL3e7ylLle_y3(2L3) (2.34)

Oy = ptflzflpzl\gfle—yz(Z(M -1)L,) (2.35)

2.4  Power Line with Interconnection and a Number of Branches
Consider a power line network with a number of branches connected at the same node as shown in

Fig. 2-3 [15]. For an arbitrary number of branches, the signal along transmission line 1 to the
receiver

&2 g
<)
Vs
1L oa
2

Fig.2-3 Power line with two branches at the same node

can be represented by Eq.(2.36) where Nt s the total number of transmission lines connected at
node B and n= 1 is the transmission line with the source signal. Tim is the load transmission factor,

%n and Pl are given in Eq.(2.37) and Eq.(2.38), respectively while Hima: Homo gng He are
given in Eq.(2.39) — EQq.(2.41) respectively. In the general equations, m means the reference load
where the transfer function is referred to. For example if the reference is load 3 then m will be to 3
and n is the transmission line which contributes signals to the referenced load. For example, in Fig.
2-4, if the reference is load 3,

12
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Fig. 2-4 Transmission line with one interconnections and branches

Then n=1,2 and 4. g, in Eq.(2.42) represents the contribution of the signal in either the source or
loads while g is as in Eq.(2.43). The parameters B, A, and R are as in Eq.(2.44) — Eq.(2.46),
respectively

LNy
Ha(1)=3 2 TunttanHo (1) (2.36)
M=l n=1
_pM- M—l —7a(2(M)L,)
amn - I:>L pnm (237)
Hmn(f):Hmna+Hmnb+Hmnc (238)
Hone =0+ B )Buame ™ (2.39)
L
Hoy = 2 (L B Bi o iy x 77 (2.40)
N=1
L
ZZ 1+:an ﬁlnmpmanm Xe_yZ(ZNLmHm) (241)
N=1
ﬁ _{Tnme”“"" n=1(source) (2 42)
m = g, T, P xe e (2tn) otherwise )
2
pp=—tm y BwhAwm | Bwhw (2.43)
1- an 1 an A’nn 1- an Ann
B :p P T T e yn(ZLn)e 7m(2Lm)
mn Lm" Ln'mn"nm (244)
_ ~7m(2Lp)
Ann - mepmne (245)
S n=1(source)
PLn = {Iim otherwise (246)
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25 Power Line Network with Distributed Branches

Trarn mitter

Receiver

(d) M, ZLMTm
*— H—
|
i
— _-= -—— _.. zn
|
- »
Zi2m Zldn ZLMTn -

Fig. 2-5 Power Line network with distributed branches

In Fig. 2-5 the branches are either concentrated at a given node or distributed in the link between the
transmitting on and receiving end [15]. The transfer function of this network is given by Eq.(2.47).

M Ny

L
HmMT(f):H z TLmdamndend(f)

d=l M=l n=l

(2.47)

_ DM M-,y (2(M -1l
amnd _PLnd pnmde ! "

(2.48)

P _ {ps d=n=1(source) (2.49)

Lnd ™ Lping otherwise

In EQ.(2.47), Nr is the total number of branches connected, say at node “1” and terminated in any
arbitrary load. n, m, M, Hnna(f) and T ng represent any branch number, any referenced (terminated)
load, number of reflections(with total L number of reflections), transfer function between line n to
a referenced load m at the referred load d, and the transmission factor at the referenced load m at
referred node d, respectively. With these, the signal contribution factor amng IS given by Eq.(2.48),
where pnmg 1S the reflection factor at node “d” between line n to the referenced load m, g is the
propagation constant of line n that has line length | All terminal reflection factors P ng in
general, are given by Eq.(2.49), except at the source where pi11= ps iS the source reflection factor.

Considering,

m= Reference load (3)
n= Number of branches ( 1,2,4)

p. = Zs B Zl
F P P 22 H 24 d P _21”Z3_ZZ
or, y = - - an 217 5 (5 o
m Y Z)|z,+2, Z)|z,+z, (251)
ZL B Zz
For, Py PLo=5 5
Z +7Z, (2.52)
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y=a+ jB=+(R+joL)(G+jwC)

(2.53)
Hmn(f):Hmna+ Hmnb+Hmnc (2_54)
- mlm
a — (1 + ﬁmn )ﬁlnm e’ (2.55)
2
po=—tm y BmAm . BwmAm (2.56)
1_an 1_anAmn 1_anAmn2
_ -rm(2Lm)
an = Puim IOLnTmnTnme o2 (2'57)
— ~7n(2Ly)
Amn - me pmne (2.58)
—7nln n=1(source)
ﬁlnm - TlnTman *e*}’lLle—/ln(ZLn) otherwise } (259)
H mnb T Z (1+ ﬂmn )ﬁlnm pmn me * e—ym(ZNLm—lm) (2-60)
L
Z 1+ ﬁmn ﬁlnmpmanm *e_AZ(ZNLmHm) (261)
=1
T, =1+ p,, (2.62)
_ L. -7, (2.63)

me Z|_+Zm

2.6 Noise in a Power Line Channel

The power line channel suffers impulsive noise interference that is generated from connected
electrical appliances. Middleton class A noise model is one of the appropriate models for impulsive
noise environment [11]. Based on the model, the combination of impulsive plus background noise
is a sequence of iid complex random variables with the probability density function of class A noise
IS given by,

& o, z°
PZ(Z)=Z;J P P - (2.64)

20 ,
m

where, m is the number of impulsive noise sources and is characterized by poisson distribution
with mean parameter A called the impulsive index (which is the product of the average rate of
impulsive noise and the mean duration of typical impulse)

m

a, =e (2.65)

(2.66)
15



m
( } A)Jrr ol (2.67)

1+T %

where, crg and o7 are the power of background noise and impulsive noise respectively. For small

A, we get highly structured impulsive noise where as for large values of A, the noise PDF
becomes Gaussian. The parameter r (GIR- Gauss Impulsive power ratio ) is called background - to
— Impulsive noise ratio. Eq. (2.64) shows that the PDF of noise is a weighted sum of Gaussian
PDF’s with zero mean, therefore has a mean of p,=0 and a variance of

eS|

m

(2.68)
e - L m 2 2
FG mzoém (X+F) (62 +0?) (2.69)

Colored background noise is caused by the superimposition of numerous noise sources, e.g,
computers, dimmers or hair dryers, which can create disturbances in the frequency range 0-100
MHz. A commonly accepted model is the simple three-parameter model where the noise is
considered non white Gaussian with the power spectral density (PSD).

Ry(f)=a+b|f[ [dﬁﬂ (2.70)

where a, b and c are parameters derived from measurements and f is the frequency in MHz. By
setting the parameters [a,b,c]=[-14553.23,-0.337],a worst case is obtained while with the

parameters [a,b,c]=[-140,38.75,-0.72] a best case is obtained. The resulting PSDs are depicted in
Fig. 2-6, where the considered frequency band is between 1 MHz and 100 MHz [12]. o7 is the

g
power of background noise which can be given as GS =Trapz(Rnb7W)>< Af .

—100
—1o0sP
—110h-+t-
—115H--

—120

PSD [dBrm/He|

—125

—130

—135

—140;

Frequsency [MHz]

Fig. 2-6 Bad and good background noise PSD
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2.7 Related Works

Significant amount of investigations are reported already by different scholars to analyze the
performance of PLC system by using various communication techniques [1-2],[9],[12],[14],[15-
16],[20],[24],[26-27].But in all the cases, the concentration was mainly on the effects of
communication parameters, both the influence of power line network parameters and communication
parameters together was not focussed. Some of the studies are briefly described below :

- Ma. Y. H., P. L. So and Gunawan. E.[1] present a comparison between CDMA and OFDM
systems for power line communications. The BER performance and the optimum overall data
rate of the CDMA and OFDM systems are analyzed and compared, using the criteria of the
same bandwidth occupation, the same transmission power for each user, the same total
number of users in the system and the same power line channel. In both the cases, the effect
of power line network parameters are not considered.

— Anatory J., Nelson T., Rajeev T. [2] investigate the performance of indoor channels of a PLC
system that uses OFDM techniques. They also discuss various situations like addition of new
branches, terminal impedances that degrade the overall performance of the system and sought
possible solutions to overcome such degradations.

- Ma. Y. H., P.L.Soand Gunawan. E. [9] theoretically analyze the BER performance of the
OFDM system for PLC under the impulsive noise and multipath effects in terms of closed
form formulas. They also determine optimum guard interval to achieve the best BER
performance.

— Di Bert L., Caldera P., David S., and Tonello A. M [12] reviews existing noise models
including both background and impulsive noise for the PLC scenario.

- Khalifa S. A. M., Fawaz S. A.Q and Zahir M. H. [14] shows the effect of impulsive noise in
adaptive power loading in OFDM-based PLC systems. They also present a simple power
loading algorithm with uniform bit allocation and non uniform BER distribution in a widely
accepted power line channel impaired by impulsive noise.

- Anatory J., Kissaka M M., and Mvungi N H. [15] present a novel approach to model the
transfer function of a power line network. The channel frequency response of a power line
channel with interconnections are derived considering different loading at different branches.
However the effect of transfer function on link performance is not reported.

- Anatory J., Nelson T., Rajeev T., Kissaka M M., and Mvungi N H. [16] present analytically
the effects of load impedance, line length and branches on the performance of PLC network.
The observations presented in the paper could be helpful in the suitable design of the PLC
systems for a better data transfer and system performance.

- Saimoon Ara Amin, Mahbubul Alam Rafel and S.P Majumder [20] present performance
analysis of multicarrier DS-CDMA wireless communication system.

- S.D. Paul, S. Asif and S. P. Majumder [24] present performance analysis of a MC-DS-

CDMA wireless communication system with RAKE receiver over a rayleigh fading channel
with receiver diversity.
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- Kazi Abu Taher, Md Ruhul Minhaz and S. P. Majumder [26] present performance analysis of
multicarrier direct sequence (MC DS) CDMA with fading.

- Yong-tao Ma, Kai-hua Liu, Zhi-jun Zhang, Jie-xiao Yu, Xiao-lin Gong [27] have derived the

model for colored background noise of PLC channel based on artificial neural network and
evaluate the performance of a PLC system with colored noise.
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CHAPTER -3

ANALYTICAL MODEL OF POWER LINE COMMUNICATION
(PLC) SYSTEM WITH MULTICARRIER DS-CDMA

3.1 Introduction

In this chapter, a model of a power line communication system (PLC) with multicarrier DS-CDMA
is presented which includes different number of branches, different types of devices and loads.
Analysis is carried out for a power line communication link considering the transfer function of the
power line with different number of branches, load impedances, line length and device
characteristics. Analysis is done to find out the expression of the signal at the output of the power
line at the receiving end along with the channel noise. The analytical approach has been carried out
for determining the expression of MAI and power line noise. The expression for signal to
interference and noise (SINR) ratio and the expression of BER is developed without diversity and
with diversity using a rake receiver. The performance results are evaluated in terms of output signal
spectrum and BER performance for several system parameters and power line parameters.

3.2 Power Line Channel Model

The generalized channel model described in section 2.5, chapter-2 is considered here for a power
line network.

3.3 Power Line Noise Model

The generalized noise model described in section 2.6, chapter-2 is considered here for a power line
noise model.

34 Functional Block Diagram of PLC system with MC DS-CDMA

The functional block diagram of a power line communication system with MC DS-CDMA is
shown in Fig. 3-1. It includes S/P converter, transmitter, power line channel, receiver and P/S
converter.

S/IP MC-DS PLC MC-DS P/S

Fig. 3-1 Functional block diagram of PLC System with MC-DS CDMA
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341  Transmitter Model
Block diagram of a DS-CDMA with multicarrier OFDM transmitter is shown in Fig. 3-2(a). In the

transmitter, the high-speed data are converted into parallel data stream and are OFDM modulated.
The output of OFDM modulator is fed to PLC channel after RF amplification.

clt) l )y
Input data of j-th User > OFDM Modulator

Serial (o) l @o+ Ao
= RF
CT)?”KZIE(IH OFDM Modulator Combiner —>

¢ cl) l 0+ 2A0

—osSsSOSO OrC7T

—

OFDM Modulator

Fig. 3-2(a) Block diagram of MC DS-CDMA transmitter

3.42 OFDM Modulator Model

The OFDM modulator model is shown in Fig. 3-2(b). It includes modulator circuit, inverse first
fourier transform (IFFT) circuit, combiner and arrangements for adding cyclic prefix. The
transmitted data of each parallel subchannel are modulated and fed into an IFFT circuit which
generates OFDM signals. All parallel data are then combined and fed into a cyclic prefix addition
circuit which is connected to the PLC channel through RF amplication.

—»@—» -

Add
—»| cP ,

l
&
-

Fig. 3-2(b) Block diagram of OFDM Modulator Model
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3.4.3 Receiver Model

Block diagram of MC DS- CDMA receiver is shown in Fig. 3-3(a). The received signal is first

—osSoOSTO OO

'

Cj(t Integrator Decision
> LPF —p| O0toT, »| Circuit [,
OFDM c()
Demod Integrator Decision C P/St Output
el onverter | —»
> RE | ulator [p LPF 0T, || Circuit ¥ Signal
l cl() Integrator Decision

_»@__' L . 0to Ty Circuit [

Fig. 3-3(a) Block diagram of MC DS-CDMA receiver

amplified by RF amplification and passed to a coherent OFDM demodulator. Output of OFDM
demodulator is passed to the decoder blocks. Decoding is carried out using a locally generated code
sequence. To be able to perform the dispreading operation, the receiver must not only know the code
sequence used to spread the signal, but the codes of the received signal and the locally generated
code must also be synchronized. The decoded outputs are passed through integrator and passed to
data decision circuit. The output of the decision circuit is then converted to serial data.

3.44 OFDM Demodulator Model

The block diagram of OFDM demodulator model is shown in Fig. 3-3(b). In the receiver, CP is
removed and the orthogonality of channels is maintained by using the FFT circuit. Since the data in

®,
—> _—
Serial L
to F v
— | Remove CP |—p| Parallel F 0o+ Ao
e

Converter [—»
—>

Fig. 3-3(b) Block diagram of OFDM Demodulator Model
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the FFT circuit are parallel , parallel-to-serial conversion is performed by using coherent detection.
3.5 System Analysis Without Diversity
3.5.1 Transmitted Signal

Let us consider an MC DS-CDMA system, the block diagram of MC DS-CDMA is shown in the Fig.
3-1. Let for any period of time, there are J number of users and j is the reference user. Now to have a
system model, let us make following assumptions :

a. All the users are active at any time
b. All the user’s transmitter power levels are equal
c. The bit rate is much larger than chip rate

Now, let us consider the following terms for this system :

J = Total no of user
P = Chip power of each user
N.= Number of sub-carriers
N = Number of chip of the code for each sub-carrier channel
L = Code length of each user
C! = Code of j-th user
R,= Bit-rate
m;(t)= Input data stream of the j-th user
= n-th bit of m;(t)

Thus,
m, ) =>b,’ whereb=#1

Now, the input data of the j-th user are converted into N parallel data streams and each of the
parallel data is coded by the code of the j-th user. Thus each data bit is spreaded in time domain and
then modulated by the respective subcarrier. To write the general expression of the subcarriers, let us
consider the following :

w, = Frequency of the reference channel
Aw=Frequency spacing between two subcarrier channel
So, the general expression of a subcarrier is :
V2P cos(m,t +kAw)
(3.1)
Thus, the expression of the transmitted signal of the j-th user is as follows :

S, (t)= Nz{ﬁ bl (icii xP(t—it, )Jcos(coot+ kAco)}

(3.2)
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Here,
b, = n-thbit of the j-th user, which is being modulated by the k-th subchannel.

C/! = i-th chip of the j-th user’s code.

3.5.2  Receiver Output

While reception, the receiver of the j-th user receives signals transmitted by all the J number of
users [20],[24],[26]. Thus, the expression of the received signal is :

r(t) :JZ[ J2P i{bg,{(;zpqi *P(t—itc)cos(a)ot+kAwt)j}®hch(t) }+Nz° n(t) |
j=1 k=1 i=1 k=1 (3.3)

where, h, (t) is the impulse response of the PLC channel, ® denotes convolution and n(t)is the
channel noise.

The signal while propagating through power line channel, suffers frequency-selective multipath
fading. To account the fading, consider that ¢ be the instantaneous amplitude fading.

r(t) :i lov/2P i{bg,k(ézpq *g(t—itc)cos(a)onkAax)j} ]+i n(t) (3.4)

Where,
gt)=P(t)®h, (1)

G(f)=P(f). Hy(f)

G(fk):P(fk)'H(fk)

This signal is then coherently demodulated by the respective carriers and the output y can be
represented as:

y(t) =ia@i{br{k %c,j xq(t—it,) codeyt +kAat) *co:{wot+kAaI)}+in(t) xcodapt +kAat)

= (3.5)
:ia\/ﬁ i{bn",k %Cij #g(t —it,) cos® (wyt + kAcot)} +§n(t) + o9yt +kAwt )
] k=1 i1 k=1 (3.6)
:JZa@NZC{bn{k %“Cf *q(t—it). %(1+ co§2mpt + 2kAat))}+§n(t) *Cogapt+kAat)
= k=L i=1 k=L (3.7)
=:Zla\/ﬁ kNl {bn{k iezjcii *g(t—it, ) (+CoS@at +2kAaI))} + kﬁ“n(t) +codapt +kAat) (3.8)
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It is then decoded and the output of the correlator is given by :

y(t)=JZa@NZ°{h{{Gchf *g(t—itc)*iqlp(t—itc)J(1+Coseabt+2kAﬂi))} £ 20030/ Pt cos(oyt +KAo)
j=1 k=L i=1 i=1 k=1 i=1
y(t) :ia\/ﬁf bn{k{i Clg(t—it,) *ic} P(t—itc)}

J Ne G G Ne S .
Y aV2P b, {zp Clglt—it,)+> CIP(t—it,)* cos(2aot + 2kAa)t)} +2 n(t)D_C/ Pt ~it,) cos(at + kAwt)
j=1 k=1 i=1 i=1 k=1 i=1

After passing through low pass filter (LPF), the output of the LPF is given by :

yo(t)=aﬁ§{bnik _Gzpc: g(t—itc)*_szpcil P(t—itc)}

i P:‘Z{b;k{ZC g(t—it,)* ZC‘P(I it )H

=2 =1

Nc Gp )
+>. n(t) D CP(t—it,)cos( w,t+ kAwt)

k=1 i=1

yo(t):adﬁf{bn{k > clgt-it)*>.ClP(t —itc)}

+ia\/ﬁf{b;,k {icﬁ g(t-itc)>x<§cij P(t—itc)H
[i+), j=2]

Nc Gp .
+>.n(t) Y. CJP(t—it,)cos( w,t+ kAwt)

k=1 i=1

Now, after integrating over 0 to Ty, we get the following,

T G Gp 1 1_
Yo () =a2P Z{b;k:j > glt—it)*Y. p(t_itc)dt} [Ci"x Ci =1]

i=1

J Nel 1 Ty, (ocp Gp
+> av2P z{bn{kj {Zcﬁg(t_itc)*zcil P(t—itc)dtH
j=2 k=1 Tb 0 i=1 i=1

o!-.;!

i (t)icij P(t—it.) cos(m,t + kAat)dt

i=1

L
tT
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(3.10)

(3.11)

(3.12)
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Yo=Y, )+ Yya +n(t)

Here, y,(t) = Desired signal of j-th user

Yua = Multiple access interference
n(t) = Noise

3.5.3 Desired Signal of Receiver

Nc Ty Gp Gp
y,(=av2P Y b;k_l_ij' > g(t—it,)*> P(t—it,)dt
b o =l i=1

k=1

a/2P N, [#11]

where,

T, G,

m= ] Y gt-it)* Pe-it)dt and N.= Y b!

T

bo il

Thus, for the j-th user, the desired signal power, Ps is given as :

P =a?2PN?x (u, ]

354 Multiple Access Interference (MAI)

The multiple access interference term of Eq (3.13) can be represented as :

b o i=1 i=1

J Ne [ 1Tn Gp Gp
Yol = g2P Z{bn{kTI {Zcﬁg(t—itc)*ch P(t—it,)dt
j=2 k=1

J
= (J-Yay2P chGizﬂ”

p i=2

where,

1Th Gp 1 . Gp ) ) N, .
w= =] 12.Cla(t-it)+ Y cl Pt-it)it | and N.= )b
b o i=1 i=1 =

So the interference power is given as,
(.J —1)0522PNC2>< ‘Iuij‘z

I:)MAI -
G p
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(3.15)

(3.16)
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3.55 Noise

The noise at the output of integrator is given by :

1

n(t) = =

jb in(t) icii P(t —it,) cos(w,t + kAwt)dt (3.19)

Here the noise is power line noise and the varience of the noise is given (section 2.6, chapter-2) as,

2_ 2 2
0,=0,4+ 0,

(3.20)
(i)ﬂ“
(2 2
O, _( g TO; ) 1+T (321)
where,
2 2
r=2s; N=2
o, R,
o; and of

represents the Gaussian and Impulsive noise varience respectively. I' represent .

Gauss Impulsive power ratio and Ry, is bit rate.

3.5.6  Signal to Interference and Noise Ratio (SINR)
The ratio of signal power to MAI and noise power can be expressed as:

SINR(E)= — =

2
mal T Oy

aZZPNcZX (/111)2
(J —1)a?2PN? x \y”fol+ o

n
p

a?2 x SNRxNZx (uy, )?

2 1 N,
(I —Dor®2 x SNR x N2 || gt BTx

p 0

(3.22)

where P = SNR,

O'n2 =BT x%

0
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3.5.7 BitError Rate (BER ) of the Receiver
The bit error rate of the coherent PSK receiver can be obtained as :

BER = 0.5 x erfc (VSINR/2)

where, erfc isthe complementary error function.

3.6 System Analysis with Diversity

3.6.1 Receiver Model with Diversity (Rake Receiver)
The functional block diagram of the MC DS-CDMA receiver with rake isshown in Fig. 3-4
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—> —> - Integrator
v O Y —>| owT,
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— —»| LPF
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> T —»@—» LPF ol 4
. Integrator
— —> ! cl(t) > —>| owm
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v Ct)
> L — LPF
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v > T —>®_> LPF |———— ¥
] Integrator
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0to Ty

LPF

Parallel
to
Serial
Converter

]

LPF

Fig. 3-4 Block diagram of MC DS-CDMA receiver with diversity
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Let us consider there are rake receivers in each subcarrier channel which have L no of fingers and
they are considered for maximal ratio combining. If &; .......... &L be the instantaneous bit SINR for
different branches , then the conditioned probability of bit error at the output of SSDR conditioned
on a given value of &, is given by :

-1

P, (&) = %WZW@ ‘ (3.24)

L
k=0

1 &k (2L-1
W — —
Kkl nzz(; ( n j
So, the average bit error probability can be obtained by averaging the conditional bit error rate over
the probability density function (pdf) of the instantaneous SINR, & :

where,

P, = [P, (&). f(&)de (3.25)

where, the pdf of & is given as :

d L1 - 1+ Ly S
f (5)25 F(&)= L{Z‘Pk (1—e™ )} > A—keAk (3.26)
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CHAPTER-4

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter provides the results obtained by numerical computation following the theoretical
analysis of a power line communication system with MC DS-CDMA described in chapter-3. Results
are evaluated numerically without diversity and with diversity using a rake receiver. Performance
results are shown graphically for several system and channel parameters. Finally, optimum system
parameters are determined from the BER performance curves.

4.2 Performance of Power Line Communication System with Varying Channel Parameters

Following the analysis presented in chapter-3, we evaluate the BER performance of a power line
communication system and results are presented in Fig. 4-1 to Fig. 4-3. Here, the aim of the analysis
is to evaluate the BER performance of the system at certain values of channel parameters. The power
line channel described in section 2.5, chapter-2 is considered here. The values and list of parameters
are shown in Table 4-1. We consider a given code sequence and found the signal at the output of
receiver. From the sampled signal and interference values, 4, and y; are numerically evaluated for

different code length, number of subcarriers and PLC system parameters.

Table 4-1:  List of channel and system parameters

Parameter Value
Resistance (R) 0.455 - 0.7550hm/m
Inductance (L) 0.443e®- 0.743 e®h/m
Channel Capacetance (C) 61.734 €' — 64.734 e’FIm
parameters Number of branch 04
Branch length 10-25m, 15-30m, 23-38m, 20-
35m

Source impedance (Zs) 70-85 ohm
Number of subcarriers | 04

(Nc)

Processing gain (Gp) 64
System parameters | SNR(dB) 30-70 dB

User 2-32

Af 10 KHz

Band Width 1-20 MHz

Bit rate (Ryp) 40 kbps
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4.2.1 BER Vs SNR for Different Line Impedances (Values of R,L and C varying)

The plots of BER of a MC DS-CDMA power line communication system are shown in Fig 4.1(a)
through 4.1(d) as a function of SNR with number of user as a parameter. The value of other
parameters are G,=64, number of subcarrier, Nc=4 and several values of RLC line components. It is
noticed from the curves that the BER decreases with SNR upto certain value of SNR and then BER
floor occurs. The BER floor occurs at a higher value of BER with increase in the number of
simultaneous user. As noted from the figures, as the line impedance increases, the BER performance
deteriorates and BER floor occurs at higher value of BER with increase in line impedance. For some
values of line parameters, BER floor occurs at or above 107
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BER Vs SNR
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Fig. 4-1 Plots of BER Vs SNR for different line impedances (values of R,Land C varying)
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4.2.2 BER Vs SNR for Different Branch Lengths

The plots of BER versus SNR for different branch lengths are depicted in Fig 4-2(a) through 4-2(d).
It is noticed that for a given value of load impedance, as the number of branch lengths are increased,

the BER floor occurs at higher values. For BER < 107, the number of users that can be supported is
less than 4.
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BER Vs SNR
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Fig. 4-2 Plots of BER Vs SNR for different branch lengths
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4.2.3 BER Vs SNR for Different Source Impedances

The plots of BER versus SNR with various source impedances and number of user as a parameter are
shown in Fig. 4-3(a) through Fig. 4-3(d) with other parameters as before. It is found that as the
source impedance is increased, there are improvements in BER performance.
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BER Vs SNR
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Fig. 4-3 Plots of BER Vs SNR for different source impedances
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4.3 Performance of Power Line Communication System with Varying System Parameters
(Without Diversity)

Following the analysis presented in chapter-3, we evaluate the BER performance of a power line
communication system and results are presented in Fig. 4-4 to Fig. 4-6. Here, the aim of the analysis
is to evaluate the BER performance of the system at certain values of system parameters.

431 BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain
(Gp=128)

The plots of BER versus SNR are shown in Fig. 4-4(a) through 4-4(d) for number of subcarriers,
N.=2,4,8,16 and G,=128, with other parameters remaining fixed. It is noticed that, compared to Fig.
4-1 corresponding to G,=64, the BER performance improves for G,=128 and number of user that is
supported is around 16. Comparison of Fig. 4-4(a) through Fig. 4-4(d), it is revealed that
performance improves with increase in the number of subcarriers, N, from 2 to 16 as the BER floor
goes down with increase in Nc. Further, the number of user that can be supported increased with
increase in N¢. Also the required SNR to achieve BER < 1072 is found to be 27 dB, 21 dB, 14.5 dB
and 8 dB for N.=2,4,8,16 respectively.
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BER Vs SNR
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BER Vs SNR
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Fig. 4-4 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=128)

43.2 BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain (Gp=256)

Similar results of BER versus SNR with different values of N. are depicted in Fig. 4-5(a) through
Fig. 4-5(d) for G,=256. It is noticed that there is significant improvement in receiver sensitivity at a
given BER compared to G,=128 and 64, and the BER floors are found to occur at lower BER values.
It is noticed that the maximum number of user is around 64 for N.=2,4,8,16.
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BER Vs SNR
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Fig. 4-5 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=256)
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4.3.3 BER Vs SNR for Different Processing Gains at Fixed Number of Subcarriers (N.=8)

The BER performance results for a given value N.=8 and various values of G,= 8 to 256 are depicted
in Fig. 4-6(a) through Fig. 4-6(f). The plots reveal that there is improvement in receiver sensitivity at
a given BER as well as the capacity of the CDMA system with increasing value of G,,.
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BER Vs SNR
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BER Vs SNR
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4.4  Performance of Power Line Communication System with Varying System Parameters
(With Diversity using a Rake Receiver)

The BER performance results with diversity using a rake receiver are depicted in Fig. 4-7 through
Fig. 4-12 as discussed below.

4.4.1 BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain (G,=128)
with a Rake Receiver having Number of Rake Fingers, N,=3

Fig. 4-7(a) through Fig. 4-7(e) depict the plots of BER versus SNR of MC DS-CDMA PLC
system with a rake receiver with number of rake fingers, N,=3, G,=128 for number of subcarriers,
N.=2,4,8,16,32. From comparison of Fig. 4-7 with Fig. 4-4, it is noticed that compared to the BER
performance without path-diversity, the system with rake receiver provides a significant
improvement in receiver sensitivity for the same value of G, and other parameters. As evident from
the plots it is also noticed that at given SNR, more number of users can be supported.
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BER Vs SNR
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BER Vs SNR
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Fig. 4-7 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=128) with a rake receiver having number of rake fingers, N,=3
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442 BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain (G,=128)
with a Rake Receiver having Number of Rake Fingers, N.=4

Similar results for N;=4 and G,=128 are shown in Fig. 4-8 with number of user and several values of
Nc as a parameter. Fig. 4-9 depicts similar results for N,=3 and G,=256 and Fig. 4-10 for N,=4 and
G,=256 respectively. It is found that there are significant improvement in system performance at a
given BER in terms of SNR and number of simultaneous user, with increase in the number of rake
fingers and Gp.
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Fig. 4-8 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=128) with a rake receiver having number of rake fingers, N,=4
4.4.3

BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain (G,=256)
with a Rake Receiver having Number of Rake Fingers, N,=3
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Fig. 4-9 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=256) with a rake receiver having number of rake fingers, N,=3
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444 BER Vs SNR for Different Number of Subcarriers at Fixed Processing Gain (G,=256)
with a Rake Receiver having Number of Rake Fingers, N.=4
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Fig. 4-10 Plots of BER Vs SNR for different number of subcarriers at fixed processing gain
(Gp=256) with a rake receiver having number of rake fingers, N,=4

445 BER Vs SNR for Different Processing Gains at Fixed Number of Subcarriers (N.=8)
with a Rake Receiver having Number of Rake Fingers, N,=3

Results of BER versus SNR for a given value of N and N, are shown in Fig. 4-11 for N,=3, N.=8
and in Fig. 4-12 for N,=4, N.=8 with G, as a parameter ranging from 8 to 256. It is observed that
there are improvement in system capacity at a given value of BER with increase in G, as well as N;.
Achievable number of simultaneous user is found to be around 128 for N,=3,G,=256 and 256
corresponding to N,=4,G,=256 respectively.
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Fig. 4-11 Plots of BER Vs SNR for different processing gains at fixed number of
subcarriers (N.=8) with a rake receiver having number of rake fingers, N,=3

4.4.6 BER Vs SNR for Different Processing Gains at Fixed Number of Subcarriers (N.=8)
with a Rake Receiver having Number of Rake Fingers, N.=4
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Fig. 4-12 Plots of BER Vs SNR for different processing gains at fixed number of
subcarriers (N.=8) with a rake receiver having number of rake fingers, N,=4

45  Optimum System Parameters
Considering different system parameters, based on the BER performance curves shown in section 4.3
and 4.4, various relationships between system parameters have been computed to determine optimum

system parameters. In this case, we consider BER performance level at 1073.

45.1 N (Subcarrier) Vs SNR for Different Users at G, (Processing Gain)=128
The required receiver sensitivity to achieve a given BER=10"°, for various combinations of number

of subcarriers and number of users are depicted in Table 4-2 for the system with G,=128 without
diversity and with path diversity employing rake receiver with number of rake fingers, N,=3,4.
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Table 4-2:  Values of SNR(dB) corresponding to BER= 107, Gp=128
At BER=10"

N, Without diversity With diversity
l Number of User — | Number of User with N,=3 — | Number of User with N.=4 —»

2 4 8 16 32 2 4 8 16 | 32 2 4 8 16 32 64
2 24 245 | 25.4 | 27 40.2 | 22 22.4 | 23 24 1268 |20 | 205 |21 | 214|222 |24.2
4 17 18 19 215|348 | 165 | 17 175|118 | 203 |13 | 13.2 |14 |15 16.3 | 20.5
8 11.2 | 12 13 15 28 10 105 | 11 12 | 148 |7 74 |8 9 105 | 145
16 | 4 45 |6 88 |238 |14 45 |5 6.4 84 |2 22 |3 4 49 |9

The results are also depicted in terms of plots of N versus required SNR(dB) in Fig. 4-13(a) through
Fig. 4-13(c) for given G,=128 and N,=1,3,4 respectively for BER=107. It is noticed that at BER=10"°
the required SNR(dB) is drastically less at higher values of N. for a given number of users. Further,
at given BER=10" ,and at a given SNR(dB), more user can be supported by increasing the number of
subcarriers,N¢. Diversity provides further improvement in the number of simultaneous user. For
example, without diversity, the number of user that can be supported is about 4 for N.=10 and is 16
for N.=15. With diversity, for N,=3, the above number of user is around 32 and for N,=4, it is around

64.
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Fig. 4-13 N (Subcarrier) Vs SNR for different users at G, (Processing gain)=128
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452 User Vs SNR for Different Number of Subcarriers (N¢) at Gp,=128

The achievable number of simultaneous users in a MC DS-CDMA PLC system at a given BER=10"°
are shown in Fig. 4-14(a) as a function of required receiver sensitivity SNR(dB) with number of
subcarriers,N; as a parameter corresponding to G,=128. The similar results with rake receiver are
shown in Fig. 4-14(b) and Fig. 4-14(c) for N,=3 and 4 respectively. The results are very much useful
for design a MC DS-CDMA system over a PL channel.
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Fig. 4-14 User Vs SNR for different number of subcarriers (N¢) at Gp,=128
4.5.3 Subcarrier (N;) Vs User for a Certain SNR (15dB) at G,=128
The variation of number of users with the number of subcarriers at a given SNR(dB) are depicted in
Table 4-3 for SNR(dB)=15 without diversity and with diversity employing rake receiver with rake
fingers, N,=3 and 4.

Table 4-3: Number of users at different number of subcarriers (at SNR=15 dB),G,=128

SNR (15 dB)
N, Without diversity With diversity
User User with N,=3 User with N,=4
2 1 2 2
4 2 3 16
8 17 32 68
16 22 57 100

The results are also plotted in Fig. 4-15(a) through 4-15(c). The results verifying the improvements
in system performance in terms of capacity due to diversity.
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N¢ Vs User at SNR=15dB (G,=128)
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4.5.4 N (Subcarrier) Vs SNR for Different Users at G, (Processing Gain)=256
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Similar results for the required receiver sensitivity to achieve a given BER=1073, for various
combination of number of subcarriers and number of users are depicted in Table 4-4 for a system
with G,=256 without diversity and with path diversity employing rake receiver with number of rake
fingers N,=3,4.

Table 4-4:  Values of SNR(dB) corresponding to BER= 103, Gp=256
N, At BER=107

Without diversity With diversity

Number of User —» Number of User with N.=3 —» Number of User with N=4 —»
2 4 8 16 | 32 | 64 2 4 8 16 | 32 [ 64| 2 4| 8 16 | 32 | 64 | 128

2 | 238 24 | 245|255 27 | 439|215 217 ] 22 | 225 (239|265 (199 20 | 203|205 | 21.2 | 23.0 | 26.2
4| 14 | 15 | 16 [172|20.2| 36 | 13 | 132 [ 145|165 | 18 [ 208|128 | 13 | 14 [ 142 ] 15 [ 168 | 205
8 |102 105 11 | 12 | 14 | 29 9 |92 95| 10 | 11 [138] 62 |64 68 | 7 8 | 9.4 | 139
16| 45 | 48 | 52 | 62| 84 | 15 | 25| 3 | 34| 4 5 9 |15 [18] 2 |24 ] 3 5 9

The results are also depicted in terms of plots of N versus required SNR(dB) in Fig. 4-16(a) through
Fig. 4-16(c) for given G,=256 and N,=1,3,4 respectively for BER=10" It is noticed that at BER=10"
in comparison to G,=128, at a given SNR(dB), more user can be supported by increasing the number
of subcarriers,N.. Diversity provides further improvement in the number of simultaneous user.
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4.5.5 User Vs SNR for Different Number of Subcarriers (N¢) at Gp=256

The achievable number of simultaneous users in a MC DS-CDMA PLC system at a given BER=10"2
are shown in Fig. 4-17(a) as a function of required receiver sensitivity SNR(dB) with number of
subcarriers,N; as a parameter corresponding to G,=256. The similar results with rake receiver are
shown in Fig. 4-17(b) and Fig. 4-17(c) for N,=3 and 4 respectively. In comparison to G,=128, the
system capacity significantly improves. The results are very much useful for design a MC DS-
CDMA system over a PL channel.
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4.5.6 Subcarrier (N¢) Vs User for a Certain SNR (15dB) at G,=256

The variation of number of user with the number of subcarrier at a given SNR(dB) are depicted in
Table 4-5 for SNR(dB)=15 and G,=256 without diversity and with diversity with rake fingers

N=3,4.
Table 4-5: Number of users at different number of subcarriers (at SNR=15 dB), G,=256
SNR (15 dB)
N, Without diversity With diversity
User User with N,=3 User with N,=4
2 2 2 4
4 4 4 32
8 32 65 128
16 64 95 190

The results are also plotted in Fig. 4-18(a) through Fig. 4-18(c). The results show that there is
significant improvements in system performance in terms of capacity due to increase in G, and

diversity.
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4.5.7 Processing Gain (Gp) Vs User for a Fixed Number of Subcarriers (N.=8)

The receiver sensitivity for different processing gains for different users at a fixed number of
subcarriers are depicted in Table 4-6 for N;=8 and G, ranging from 8 to 256 without diversity and
with diversity employing rake receiver with number of rake fingers, N=3,4.

Table 4-6:  Values of SNR(dB) for different processing gains for different users at a fixed
number of subcarriers (N.=8)

N=8

User Without Diversity With Diversity
¢ G, —» Gy With N=3 —» Gywith N=4 —»

8 16 32 64 128 | 256 | 8 16 | 32 64 128 | 256 | 8 16 32 64 128 | 256
2 15 | 124 | 12 112 | 118 | 11 12 | 115 | 105 | 10 10 9.8 82 | 8 7.2 7 7 6.8
4 175 | 144 | 123 | 122 | 115 | 25 | 135 | 11.8 | 105 | 104 | 10 12 | 9.2 8.2 7.5 72 |7
8 218 | 144 | 13 12 14 118 | 11 10.2 138 | 9.8 8.2 8 7.2
16 248 | 149 | 13 14 12 11 144 | 10 88 |8
32 284 | 15 146 | 12 146 | 10 8.5
64 30.2 14.8 15 10
128 15

The results are also plotted in Fig. 4-19(a) through Fig. 4-19(c). Results show that system capacity in
terms of user increases with the increase of G, and it further improves for incorporating diversity.
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4.6

Fig. 4-20 and Fig. 4-21 show the BER versus SNR curves and User versus SNR curves for wireless
communication for a given system parameters. It is noticed that, compared to Fig. 4-5 and Fig. 4-
17(a) corresponding to PLC, for the same system parameters, the performance of PLC is better than
wireless communication in terms of capacity. Table 4-7 shows the comparison of capacity between
PLC and wireless communication at particular SNR(dB). It is noticed that, at BER level 107 and
SNR=15dB, the number of user in case of wireless communication for subcarriers ranging from 2 to

16 is 1 to 42 whereas for PLC, number of user ranges from 2 to 64.

46.1
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Fig. 4-20 Plots of BER Vs SNR for different number of subcarriers at fixed processing
gain (Gp=256) for wireless communication
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4.6.2  User Vs SNR for Different Number of Subcarriers (N) at G,=256 for Wireless
Communication

User Vs SNR ( Gp=256, N.=2,4,8,16) Wireless
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Fig. 4-21 User Vs SNR for different number of subcarriers ( N¢) at G, =256
for wireless communication

Table 4-7 . Comparison of capacity between PLC and wireless communication at particular
SNR =15 dB, G,=256

At BER=10"
N Number of User
¢ Wireless PLC
Communication

2 1 2

4 3 4

8 27 32
16 42 64
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CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

An analytical model is developed and a theoretical analysis is carried out to evaluate the performance
of a power line communication system with multicarrier DS-CDMA under the influence of channel
effects. The analysis results in the development of an analytical expression for the SINR and BER at
the output of an MC DS-CDMA receiver without and with diversity. The results are evaluated in
terms of BER performance considering various system parameters and channel parameters to
optimize the system parameters for a given BER.

The computed results show that there is deterioration in BER performance due to channel
parameters. BER performance deteriorates with the increase of line impedances, number of
branches, and branch lengths. The results show that performance can be improved by increasing the
number of subcarriers. For a particular SNR, it is observed that, number of users can be significantly
increased with the increase of subcarriers for a given BER. For a particular number of user, it is
observed that, with the increase of subcarriers, there is improvement in receiver sensitivity. For
example, the required SNR to achieve BER < 107 is found to be 27 dB, 21 dB, 14.5 dB and 8 dB for
number of subcarrier=2,4,8 and 16 respectively. For a given BER, number of users increase with
increase of processing gain. For example, for BER =107, at G,=8, the number of user is 2 whereas
at G,=256, the number of user is 64. At a value of processing gain, required receiver sensitivity in
SNR(dB) is higher at higher number of user. It is noticed that there is significant improvement in
receiver sensitivity at a given BER compared to G,=64, 128 with 256.

It is noticed from the computed results that the performance of power line communication system
with MC DS-CDMA can be improved by incorporating diversity technique. The results with path
diversity using a rake receiver indicate that there is significant improvement in BER performance
with increase number of rake fingers. Increasing the number of rake fingers allows more number of
users at a given level of BER for a given number of subcarriers. For example, without diversity, the
number of user that can be supported is about 4 for N.=10 and is 16 for N.=15. With diversity for
N,=3, the number of user is around 32 and for N,=4, it is around 64. For a particular SNR, it is
observed that, number of users significantly increases with the increase of subcarriers. For example,
at G,=128, without diversity, for number of subcarriers 2 to 16, user increased from 1 to 22. With
diversity, for N,=3, it is 2 to 57 and for N,=4, it is 2 to 100 respectively. For a given BER, number
of users increase with increase of processing gain. Achievable number of simultaneous user is found
to be around 128 for N,= 3 and G,=256 and 256 corresponding to N,=4 and G,=256 respectively.
The optimum values of system parameters are also evaluated for a given BER.

It is noticed from performance comparison that PLC is better than wireless communication in terms
of capacity. At BER level 10° and SNR=15dB, the number of user in case of wireless
communication for subcarriers ranging from 2 to 16 is 1 to 42 whereas for PLC, number of user
ranges from 2 to 64.
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5.2  Scope for Future Works

Further investigations on MC DS-CDMA power line communication system can be initiated
considering different types of user codes like PN- sequence, m-sequence, gold sequence etc. to find
their efficiency in a PL communication environment.

Research can be done on PLC system with multiple input (transmitter) and multiple output (receiver)
(MIMO) channel with relevant channel coefficients and their correlations to find the BER
performance with multicarrier OFDM.

Further works can be carried out on a PLC system to find the effect of channel crosstalk due to
coupling among the multiple conductors (phase, neutral, earth, protection) without and with
diversity.

Further research works can be done on MIMO PLC system with MC DS-CDMA and MC FH-
CDMA.
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