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ABSTRACT

QOutdoor power line communications (PLC) systems represent an additional and
alternative for classical and communications. In this dissertation an analytical model
of Direct Sequence CDMA power line communications systems has been developed
for frequency-selective fading channel based on the concepts of wireless
commuhic'ation. Binary phase shift keying (BPSK) modulation scheme is considered.
The fading in péwer line is considered to follow Rayleigh distribution. During the
analysis it is considered that power line channel can carry frequencies from 1 to 21.48
MHz (bandwidthr occupation 20.48 MHz) and the chip rate would be 10.24 Mchips/s
for DS-CDMA. The curreﬁt research of power line channel modeling has been
concentrated on home automatioﬁ, broadband indoor communications and broadband
data transfer in a low voltage distribution network between home and transformer
station. A frequency selective multipath channel is modeled whose path gain is found
to be Rayleigh distributed. A noise term has been introduced in the developed model,
which consists of all type of noises in power line. To estimate impulse noises the

statistical probability density functions have been used.

On the basis of the analytical model, the performance of the DS-CDMA technique has
been evaluated. The impact of power line notse and multipath propagation on signal
to interference ratio (SIR) and bit error rate (BER) are then analyzed under various
conditions. The performance parameters are evaluated as a function of number of
sirpultaneous users. PLC with DS-CDMA is found to be a promising option for future

telecommunication in a LAN and MAN.

Xxiii



| CHAPTER 1

INTRODUCTION

Power Line Communications -or PLC is not new to the realm of the
tclecommunication industry, In its most basic definition, PLC is a type of “Carrier
Current System” as defined by the FCC and is the transmission of information along
the existing electric utility infrastructure. The industry uses this as a medium to

connect computer network, or other telecommunications devices to standard AC

outlets within homes and businesses [1]. Power line frequency is 50 Hz in European -

standard and 60 Hz in the United States of America (USA). However, the power line
cables can carry additional frequencies, which has been utilized in achieving power

line communications (PLC).

1.1 Brief History of PLC

Digital communications over power lines is an old idea that dates back to the carly
1920s. For some decades, the ommipresent power grid has been used for data
~communications. Many standardized or proprictary systems have been used for the

transmission of control and management signals by power supply companies.

It has been used since the 1950s by power companies to send control messages (the
“Ripple Céllfl’Ol”), using low frequencies (100-00 Hz), this one way communication
'tcchnology was also used in the management of street lights. In the mid 1980s
experiments on higher frequencies' were carried out (5 to 500 kHz) and a bi-

directional communication technology was developed by the end of the decade.

Since then, several solutions have been experimented and even commercialized for
usc in the home as a networking medium for internal LAN’s. While utility companies
have long used narrowband, the low-voltage spectrum, PL.C to monitor and control

devices on the power grid, broadband PLC started to develop [1].




Since the 1997 experimént in a school of Manchester (UK), utility companics
continued to experiment with higher bandwidth data transfer across the electric grids
in Europc, South America, and the United States. Recent advances in power line
Communications technology now allow for high specd, broadband communications
over medium-and' low-voltage media yielding unprecedented market opportunifies. A
recent analysis on the group velocity of signals in power line cables indicate that high-
speed data communication is possible over a bandwidth 0-30 MHz through a PVC

insulated power line cable [2].

1.2 Modern PLC Systems

~ Early PLC systems were designed for relatively lower frequencies. The modem
approach uses a much higher frequency (1.6 to 30 MHz), that permits transmissions
rate higher than | Mbps. This application is particularly interesting for power utilitics

enabling them to enter in this way into the telecommunications market.

PLC SYSTEM
Access l .1.6 to 30 MHz
HF Wide-band )
In house | 12 to 30 MHz
. 0 to 500 kHz (100 kHz
| USA rescrved for Navigation
; systems)
LF Narrow-band
Access 3to 95 kHz
Europe.
In house 95 to 148.5 kHz

Table 1.1: Frequency band of power line communications.



It can also have a big economic impact, permitiing to stop the monopoly of the
telecommunication companies over the “last mile” to the customer. Table 1.1 shows

the frequency band of various power line communication systems [1].

1.2.1 Broadband PLC

The concept of power line communication is based on the 50/60 Mz power
transmission line; using another higher frequency as the carrier for signal
transmission. This kind of concept is also used in DSL (telephone line) and cable
(cable TV) communication. The PLC has the largest coverage and almost all families
make use of it. PLC can work in every kind of power line from outdoor to indoor.
Due to that the cqmmunication carrier signal cannot pass through transformer, most
PLC system is based in the same voltage area [3]. The usage of frequency is limited

below 30 MHz due to the attenuation characteristic of power line. -

The applications for broadband PLC systems fall into two broad categories: In-house

applications and last-mile applications.

1.2.1.1 In-house Applications

These applications occur within a single buil'dir_lg with both ends of the
communications link within the same building. The building might be a house, an
apartment, block or an office building. The path over which the transfer of data occurs
within these building is relatively short- typically it is less than 100m between

devices.

Broadband power line communications systems are the attractive means of retrofitting
of data services t(; existing buildings because no additional wiring is necessary. The
networking of coxﬁputers, printers and other telecommunications services by simply
plugging into the e|xisting AC supply wiring is attractive for both home use and small

office systems.

1.2.1.2 Last-mile Applications

These applications typically include the distribution to the home or office Internet and
other services by broadband service suppliers. In addition to broadband Internet

connections, these broadband distribution systems are intended to also provide voice



(IP telephony), video (VHS video quality), surveillance systems, entertainment

(gaming) and utilities metering (clectricity/water/gas) services.

A significant proportion of the cost of providing broadband services to the public is
associated with the so called last-mile connection between the network and the
individual uscr. The provision of cabling to and into each building represents a
significant cost and inconvenieﬁce due to the differences between buildings and the

lack of an existing infrastructure within the building.

The technology for this category of application is less well developed, mainly due to
the necd for higher signal levels for the longest last-mile paths. Higher signal [evels
mean highier levels of emissions, and these have not been possible to contain within

existing EMC requirements in most case [4].

1.2.2 PLC Standards & Regulations

Lack of centralized standardization has been one of the major factors behind the lale
deployment of power line nctworks. This section highlights the standards and

regulations pertaining to the PLC [5].

1.22.1 European Committee for Electro-technical Standardization
(CENELEC)

For Westcrn Euroﬁe (i.e. the countrics formin-g European Union plus lccland; Norway
and Switzerland) the rcgulations concerning residential powerline described in
CENELEC standard ENS50065 entitled “Signaling on low-voltage elcclri_cal
installations in the frequency range 3 KHz to 148.5 KHz”. In part I of this EN-
standardization paper, entitled “General requirements, frequency bands and
clectromagnetic disturbances”, the allowed frequency band and output voltage for
communications are indicated.- According to this standards transmitter voltage should
not exceed 116 dB (nV) and the maximum allowed peak voltage is 134 dB (uVv).
Table 1.2 shows the CENELEC frequency range.




Band

Frequency range

Usage

3 kHz- 9 kHz

Limited to energy providers; However with their
approval it may also be used by other parties
inside the customer premises.

(No “letter” description exists, duc to the fact that

this band was defined at a later stage )

A-band

9 kHz- 95 kHz

Limited to energy providers and their

concession-holders.

B-band

95 kHz- 125 kHz

Limited to energy provider’s customers; No
access protocol is defined for this frequency

band. -

C-band

125 kHz- 140 kHz

Limited to energy provider’s customers; [n order
to make simultaneous operation of several
systems within this frequency band possible, a
carrier-sense multiple access protocol using a

center frequency of 132.5 kHz was defined.

D-band

140 kHz- 148.5 kHz

Limited to energy provider’s customers; No-
access protocol 1s defined for this frequency

band.

Table 1.2: CENELEC frequency range.
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1.2.2.2  Federal Communications Commission (FCC)

PLC systems have developed in the USA under part 15 of the FCC Rules and

Regulations. This part of the FCC Rules and Regulations relates to requircments for

unlicensed low power radio communications digital devices and emissions from non-

radio communications digital cquipment that might otherwise causc clectromagnetic

interference (EMI) to radio communications services.

PLC systems are treated in part 15 as non-radio communications digital equipment.

They arc referred 1o in this part as current carrier systems specific arrangements. The

FCC Rules and Regulations specify limits for both conducted and radiated emissions

for current carricr systems [4]. Table 1.3 shows the FCC specified limits - for

conducted current carrier systems.

Limits for the all devices except class A (operating frequency below 30 MHz)

Frequency (MHz}) Quasi Peak (dBmV) Average (dBmV)
0.15-0.5 60 to 56 501040 -
0.5-5 56 46
5-30 60 50

Limits for class A digital devices (operating frequency below 30 MHz)

Average (dBmV)

Frequency (MHz) Quasi Peak (dBmV)
0.15-0.5 79 66
0.5-30 73 60

Table 1.3: FCC specified limits for conducted current carricr systems,



1.2.2.3  HomePlug Powerline Alliance

The mission HomePlug Powerline alliance is to cnable and promote rapid availability,
adoption and implementation of cost effective interoperable and standard based home
powcer line ncetworks and products. HomePlug 1.0 specification was announced in
June 2001. HomePlug 1.0 uses a physical layer (PHY) protocol based on cqually
spaced, 128 carriers orthogonal frequency division multiplexing (OFDM) from 0 Hz
to 25 MHz, in conjunétion with concatenated Viterbi and Reed Solomon coding with
interleaving for payload data and turbo product codes for ¢ontrol data. 84 carriers are
used to transmit data, BPSK, DBPSK, DQPSlK or ROBO (a robust form of DBPSK)
modulation is used for data, with a cyclic prefix fof synchronization. The presence of
large attenvation prevents detection of collisions, so HomePlug 1.0 uses CSMA/CA

for its MAC protocol.

The HomePlug PHY occupies the band form about 4.5 to 21 MHz. The PHY includes
reduced transmitler power spectral density in the amateur radio bands to minimizc the .
risk of radiated energy from the power linc inte'rfering with these systems. The raw bit
ratc using DQPSK modulation with all carriers active is 20 Mbps. The bit rate

dclivered to the MAC by the PHY layer 1s about 14 Mbps.

1.2.2.4 PLC Forum

PLC forum is an international industry association representing the intercsts of
manufacturers, energy utilities and research organizations active in the field of last-
“mile and in-house power line type systems. PLC forum was established in early 2000
through the merger of two existing associations to lobby for satisfactory regulatory
Trameworks for PLC, to pursuc cocxistence and interoperability standardization and
support the marketing and financial models of its members. The forum organized a
world summit of PLC Associations in Brussels in June 2003 to discuss aspects of
international standardization and the need to lobby for a« common regulatory approach

by regulators.

Beyond these standards The Institute of Electrical and Electronic Engineers (1EEE)
has also a sct of recommendations and standards pertaining to the Power Line

Communications.



1.3 Requirements for PLC systems

The power line channel is very hostile, because many concepts work partly. The
choice of the communication mecthod must take the requirements to be met by the
system and the transmission channel into consideration. The transmission chzmnci is
characterized by the transfer function. Between transmitter and recciver and the

interference the receiver sces,

Since the distribution line network was not designed for communication the wave
impedances are not matched and reflections, multipath propagation and frequency-
selective channels may occur. As every branch is already a point of reflection,
termination at the end points would bring only little improvement. The terminators
draw power from the network and there by increase the fundamental atienuation and

reduce the possible range.

Thercfore it is much more reasonable to choose a communication method, which can
use the multipath propagation efficiently. Due to the many possible transmit paths and
the time varying channel pulse response it is not possible to measure the channel at

the beginning and provide.channel estimation for data transmission.

The growing number of Internet users requires more and more bandwidth efficient
‘technology for accessing the World Wide Wcb, establishing video conference
connections, using conventional telephony services or controlling the houschold
- machines from far away. To reduce the enormous costs, attached to laying down wide
band optical fiber to cvery user’s door, providers are looking for reasonable, so-called
- “last-mile” solutions, such as wireless tcchnologies like Wircless Local Arca
Networks (WLAN) or mobile ad-hoc networks. However, all this denotes cven huge
cxpenditures, so it is worﬁw employing a media that is already accessible at every
clectric machine used in a home: the clectrical wiring. Power line scems to be a
faithful medium for bridging the last mile and what’s more, for creating Local Arca
Networks without laying down coaxial cables. The goal is to have the chance for cach

computer to access the Internet without installing new cables. The only problem is



that this wiring was not designed for data transmission, just for supplying clectric

power. Our task is to make this media capable for transmitting high data rates.

There arc different multiplexing techniques that are applicable for PLC. Within Code
Division Multiple Access (CDMA), two techniques are appropriate: one 1s Multi
Carricr (MC) CDMA, that uses more carriers and thus more frequency channels for
“multiple access purpose, and the other is Direct Scquence (DS) CDMA, where only
onc carrier is used, and the different users are scparated by orthogonal codes. Another
very common applied technique used for PLC is Orthogonal Frequency Division
Multiplexing (OFDM) that employs inverse Fourier Transformation to spread the
transmitied signal spectrum to cope with frequency sclective fading and impulse

noises.

1.4 Background of this Study

PLC channel is extremely challenging and claims for highly sophisticated
communication techniques. Generally, communication is supported to occur in
channel characterized by frequency sclective phenomena, presence of cchocs,
impulsive and colored noise with the superposition of narrow-band interference 1061,
[7]. All of these negative features push to consider communication techniques that can

effectively face a hostile environment.

Now, spread spectrum technologics have drawn the interest of PLC developers [8].
Between different Spread Spectrum Multiple Access (SSMA) techniques, dircet
sequence (DS) ts known as an efficient scheme for communication systems duc to its
characteristics such as remarkable capacily, narrow-band interference suppression,

and anti- multipath capabilities.

Dircct sequence pseudonoise (PN) modulation for single user PLC was studicd at 9.6
Kbps in [9]. This data rate is very low with respeet to medern PLC. In another work
performance of a DS-SS transceiver was simulated with 128 Kbps [10]. However, it

did not consider the multiple accessibility of the technique over pawer line channel.
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Performance of three types of Spread Spectrum Multiple Access (SSMA) techniques
DS-CDMA, MC-CDMA, and OFDM were compared in [11]. In that simulation work
DQPSK was used with DS-CDMA and BPSK was used with MC-CDMA system. A
special type of receiver named Constrained Minimum Qutput Encrgy (CMOE) was

considered for the DS-CDMA system.

Performances of MC-CDMA PLC systems under various conditions were simulated
in {12]. In that study, a high-speed data communication systems were considered for
applying advance signal processing techniques at the receiver end, for achieving good

performance.

In [13]} a fair comparison was provided between DS-CDMA and OI'DM systems for
- broadband down-strcam PLC. In that simulation work, the transmission is performed
according to point to multi-point situation, Over all transmitted data was scparated
into many parallel substrcams. A Maximum Ratio Combine (MRC) RAKE receiver

was considered for DS-CDMA system,

In [9], [13] the power line channel was taken as the AWGN (Additive White
Gaussuian Noisc) channel. However this is not the practical scenario. Impulsive
noises are more prevalent, In [11] MC-CDMA technique is considered with impulsive

noise.

~In [14] power linc was considered as a frequency non-selective (flat) Rayleigh fading
channel with additive white ciass. A noise (AWCN). In that simulation work, 4-PAM
modulation technique was considercd and multiple access was not considered. [n
another work, higher order QAM and PSK was considered with OFDM multiple
access technigue {15]. They also considered power line as a frequency non-sclective

Raylcigh fading channel.

All the performance curves in [9-15] were drawn as BER versus SNR (Signal to

Noise Ratio). Table 1.4 shows a bricf overview for previous researches in this arca.



Referene | Communication Power line channel descriptions

No. Techniques

9] Direct scquence pscudonoise | AWGN channel, multipath
{PN) modulation for multiuser | propagation was not considered.
cnvironment.

[10] Direct sequence spread | Typical values for noise and
spectrum followed by BPSK | attenuation were assumed, multipath
modulation for single user. propagation was not considered.

[11] DS-CDMA  with  DQPSK | Typical values for noisc and path
modulation scheme, CMOE | gain parameters were  assumed,
receiver, multipath - propagation was

considered.

[12] MC—C:DMA with  RAKE | Impulsive noiscs wecre considered,
receiver. typical values for path -gain

parameters were assumed, multipath
propagation was considered.

[13] DS-CDMA with BPSK | Impulsive noise was not considered,
modulation scheme, RAKE | AWGN with multipath propagation
receiver. was considered.

[14] 4-PAM  modulation scheme. | AWCN and flat Raylcigh distributed
Multiple accessibility was not | path gain was considered.
mentioned.

OFDM with  modulation | An equivalent term of AWGN was

[15]

schemes: 64-QAM, 32-QAM,
16-QAM, 8-PSK, and 4-PSK.

introduced, frequency non-selcctive

| (flat) Rayleigh distributed path gain

was considered.

Table 1.4: A bricf overview of previous researches.



None to the best of our knowledge, has included the frequency selective Rayleigh
distributed path gain (fading) paramecters afong with the power line impulse noises for

DS-CDMA systems in their analysis.

1.5 Obijective of This Study

The objcclivc of this rescaich is to study the performance of a direct scquence CDMA
PLC system for frcquency selective fading. In this work, BPSK modulation and
Raylcigh distributed frequency selective fading will be considered. All type of noiscs
will be considered and an average noise level will be estimated. An analytical model
will be formulated from a similar model, which was first developed for wircless

communication, The modified mode! will be used to analyze PLC.

Dircct sequence code division multiple access (DS-CDMA) is considered in the
current study because of its robustness to hostile environment. Power linc is
considered as a hostile communication media. Morcover, DS-CDMA is known as an
cfficient multiple access technique for communication systems due to 1ts
characteristics such as higher capacity, multiple access interference suppression, and

anti- multipath cap'abilities.

In power line nctwork, signal propagation does not only-take place along a dircct line-
of-sight path between transmitter and receiver, but additional paths (echoes) also
exist. The connected loads and the joints of the cables with different characteristic
impcdanée cause numerous reflections. The number of connected loads varics

randomly within power line network.

The presence of reflecting objécts and scatterers in the channel creates a constantly
changing environment that dissipates the signal encrgy, in amplitude, phase, and time.
These cffects result in multiple versions of the transmitted signal that arrive at the
receiver. Multipath delay spread leads to time dispersion and frequency sclective
fading [16]. In a frequency sclective fading channel path gain is different for different
frequency components. Different transmitted signals will undergo different values of
path gain components. The delay-spread function may be modeled as a zero-mean
complex valued Gaussian random process; thus the signal envelope is Rayleigh

distributed [17]. From [15] we sce histogram of transfer function of power linc
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network is well approximated by Rayleigh distribution. The Raylcigh distribution is
. commonly used to describe the statistical time-varying nature of the envelope of an

individual multipath component.

In the light of above discussions, the power line channel may be considered as a
frequency selective Rayleigh fading channel. Since we are going to study the
performance of a multiple access technique, our attention will be to increase the
number of users with a reasonable Bit Error Rate (BER). Impact of power line noise
under various conditions will also be analyzed. Impact of number of path, processing
gain, and bit rate will be analyzed too. Then a éomparative study will be shown

between correlation and RAKE receiver under the same scenario.

1.6 Thesis Outline

Chapter 1 (the current chapter) gives the introduction of Power Linc Communication
with some basic featurcs, the knowledge of which will be needed through out this

report. Then the background and the objective of this research are mentioned.

Chapter 2 describes the theoretical background and working principle of the Dircct

Sequence CDMA technique.
Chapter 3 describes the power line channel characteristics.

Chapter 4 describes the power line noises. The modeling of impulsive noise and the

estimation of average power line noise from statistics are explained.

Chapter 5 describes the analytical mode! for DS-CDMA systems. The equations for

‘signal to interfercnce ratio (SIR) and bit crror rate (BER) of the system are derived.

Chapter 6 shows the impact of various parameters under different operating

conditions. The system performance of correlation and RAKE receiver is compared

also.

Chapter 7 gives the conclusions and the suggestions for future work.
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CHAPTER 2

DIRECT SEQUENCE CODE DIVISION MULTIPLE ACCESS
2.1 Spread Spectrum

'Sprcad spectrum communication refers to modulating a signal for the purpose of
spreading its energy actoss a frequency range that is wider than its original
unmodulated bandwidth. The two most common methods of performing this
modulation are direct sequence (DS) and frequency hopping (FH). In DSSS, a high-
frequency PN scquence is used to modulate the signal directly yiclding a wide
bandwidth baseband signal (refer to Figure 2.1a). In FH spread spectrum (FHSS), a
modulating frequency is varied according to a PN sequence so that thé sigr;al occupics
a frequency slot for a short time beforc hopping to another slot in a pseudo-random
order (refer to Figure 2.1b). The random nature of the PN sequence makes the DSSS
modulated spectrum “white” or spectrally flat and in the casc of FHSS [18], it cvenly

distributes the hopped frequency band across the expanded spectrum.

min sy,
1SN
PN

Generator f
{a} .

|M ()
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f
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' |S (N
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- Genarator
' /
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Figure 2.1 Spectrum expansions for (a) DSSS modulation and (b) FHSS modulation.
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Expanding the bandwidth with either method will achieve the following benefits as
the signal passes through the communication channel: immunity to spectrum fades,
immunity from' jamming signals (external interference and multipath distortion),

reusability of spectrum, and simultancous multi-user access of the same spectrum.

Narrow-band fades, jamming signals, or interferers can only corrupt a small portion of
the spread spectrum signal'only slightly degrading its signal-to-noise ratio (SNR). For
DSSS, multipath signals looks like noise to a direct-path signal causing only a slight -
degradation in its SNR. The DSSS signal looks like background noise to other uscrs
communicating fn the same frequency band and for FHSS, orthogonal hopping avoids
interference with other users in the same band. Thus in cither modulation, multiple
pairs of users with unique random codes will be able to communicate simultancously
over the same spectrum permitting reusability. For these reasons spread spectrum

modulation is often a popular choice for data and voice communications today.

The main advantages of DSSS are: tolerance to interference, secure communication
and jamming resistance, scveral users on the same band of frequency, resistance to
multipath fading [19]. Only impairment is near-far problem. Power control is used to

solve near-far problem.
2.2 Pscudo-random Noise (PN) Code Sequences

The unique characteristics of PN sequences make them useful in spectral whitening,
random test-data generation, data scrambling and spectral expansion (as in 8S), It1s
their close-to-ideal randomness and ease of generation that makes them so usciul.
Thesc sequences are easily generated by using an M-bit shift register with the
appropriate fecdback taps, as shown in Figure 2.2 for M = 5. With thc appropriatc

taps, the length (V) of the serial bit stream at the output will be a maximum (L, ).

N=L =2%-1 , (2.1)
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The meaning of bit-stream length in this context is the maximum length of the bit
sequence before it starts repeating itself. PN scquences of maximum length are called
maximal lincar code sequences, but because non-maximal PN sequences arc rarcly

used in SS systems, “PN sequences” will be used to denote maximal linear cade

SCquUences.
mod-2 ada
B P B
A A
> > » > b >
A1)
ALl lad Lol L
clock ~

Figure 2.2 Maximal length PN sequence gencrator (M=5, N=31).

Also “PN codes” or “PN code sequences” will be used synonymousty with “PN
sequences”. The feedback taps are added modulo-2 (exclusive ORed) and fed to the
input of the initial shift register. Only particular tap connections will yicld a maximum
length for a given shift rcgister tength, These maximal length PN codes lﬁavc the

f()ilbWiﬂg propertics:

1. Code balance: The number of ones and the number of zeros differ by only I, i.c.,

therc is | more one than the number of zeros. This is particularly uscful when the

channel is AC coupled (no DC transmission).

2. Run-length distribution; The run-lengths of ones, i.e., the number of ones inarow,

and zeros are distributed in a deterministic and somewhat statistically balanced way.
Table 2-1 illustrates this distribution for M =7. In words, there is exactly I run of
M ones, 1 run of M —1 zeros, 1 cach of runs of M -2 ones and zeros, 2 cach of runs

of M —3 ones and zcros, 4 cach of runs of M —4 oncs and zeros, 2* each of runs of
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M -5 ones and zeros,..., 2 each of runs of M -2—K ones and zeros, .... and 2"

I
each of runs of 1 ones and zeros.

Run-length Runs of Ones Runs of Zeros Bit Total
7 | 0 7
6 0 1 o
5 1 ‘ 1 10
4 2 | 2 16
3 4 4 24
2 3 8 32
1 19 16 32
Ali Runs 127

Table 2.1 Run-length distribution (M = 7).

'3. Autocorrelation: Using signaling values of £1, the autocorrclation of a PN sequence

has a value of -1 for all phase shifts of more than one bit time. For no phase shift
(perfect alignment with itself), the autocorrelation has a value of N, the sequence

length (Figure 2.3).

4. Modulo-2 addition: Module-2 addition of a PN scquence with a shifted version of

itself results in a differently-shifted version of itself.

5. Shift Register States; The binary number represented by the M bits in the shift

register randomly cycle through all 2% values, cxcept for 0, in successive 2Y 1
clock. If the value of 0 {all shift register bits are 0) is ever present in the shift register,

it will stay in that state until reloaded with a nonzero value.

The second and third properties are the most important PN sequence propertics for
use in SS systems. The run-length distribution property is responsible for the

randomness and for the spectral “whiteness” of the PN sequence. The randomness is
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ideal for generating pseudo-random data for testing purposes while its whitening
characteristic makes it useful as a scrambling modulator to flatten the spectral content
"of a signal prior to transmission or as a spreading modulator to expand as well as

flatten a signal {18].

The continuous-time (CT) autocorrelation of a PN sequence is defined as:

Co,(@) = 7\% [ ety.cte +)dt A 2.22)
1 j (et +1)dt ' (2.2b)
T N

where c¢(?) is the PN scquence as a function of time with value *1, N is the number
of PN sequence bits, 7, is a PN bit-time and is its length. Figure 2.3 is a plot of the
CT autocorrelation function; C,.,(t). This plot assumes that c(r)y wraps around when

computing the integral. Timing synchronization in a DSSS rccéchr takes advantage
of unique shape of C,{f) by searching for the peak autocorrclation valuc which
signals perfcct alighment (1 =0) of thé incoming received signal to the DSSS
receivers’ internally generated PN sequence. The longer the PN code length, N, the

larger the correlation peak and hence the more resistant Lo false synchronization from

noise and interference.

D Y [ T B B BN

s 3 2 0 2 4 6 1 (PN bit times)

Figure 2.3: Continuous time autocorrelation function.
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2.3 Single User DSSS modulation

Now we consider the simplest case of DSSS modulation; that of transmission and
reception of a single (user) data stream. In this case, a PN code directly modulates the
binary data signal, m(#) . The bandwidth expansion of signal’s spectrum (Fig. 2.1) is a
“result of the higher bit rate of the PN é‘odc. The expansion or spread factor (FS) is the
ratio of the PN code bit rate to the data signal bit rate. The medulation process is

illustrated in Figure 2.4. The modulated output s(f) has the samc bit rate as the PN

code. To avoid confusion with the data bits (m(r)), the PN code bits and modulated

data bits (s(/}) are commonly referred to as chips.

m(r ik T,

B e ,
AT m(t) s(1
A o c(f)

A T A
() e s(0)

Bl i
A0 UL

¥
v

Figure 2.4: DSSS modulation representation (N.T, > 7).
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Thus bit time (7, ) will refer to the duration of one unmodulated data bit and chip time
(T} to that of a PN code or modulated data bit time. With this convention, an

alternative definition for spread factor is:

Fe= (2.3)

SIS

Normally the PN code length N.T, is greater that or equal to the data bit time, 7, .

2.4 Demodulation of a single DSSS user

!.Qlccovering the original data stream requires timing alignment of the receiver’s
.iuternal PN code (¢(r)) to the embedded PN code in the baseband reccived signal
(,(r)), then demodulation, or despreading, of the received signal and finally.
' _(‘lctcction of the data bits. Timing alignment, or synchronization, will be covered at the
“end of the chapter so until that section we will assume perfect PN code alignment

during demodulation.

‘Demodulation of the DS signal converts the wide-band modulated signal back to a
narrow-band signal indicating some type of decimation o1 filtering function.
Correlation, or more specifically cross-correlation, of the received signal (r;, (1)) with
" the desired PN code (c(n)) accomplishes this decimation. Figurc 2.5 shows a

simplificd block diagram of a DSSS receiver where a correlator is used as the
bascband demodulator, Continuous time cross-corrclation for dala demodulation is

defined as:
Coy (1) =Ti Jrue@ o) (2.4)
I3 Ty

where the extent of the integration in this case is restricted to the duration of one data

bit (7, ) as opposed to the PN sequence length.
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Since noise and interference processing will be covered in the next scction, we will
restrict ourselves to an ideal noiscless transmission and reception of a single user’s
data signal to make the demodulation picture clearer. In this case the bascband receive

signal would be:

r (1) =As(t) = Am(1).c(?) , (2.5)

#,(1) Z()

#(0) —-—>®—>® > df |

>

cos(o,f) - o)

Figure 2.5: A simplificd DSSS correlation receiver

where A4 represents the signal amplitude, s(#) 1s the PN modulated baseband binary
signal, and m(¢) is the original unmodulated binary data signal. For sumplicity also
assume that 4 = 1, so #, (¢) looks exactly like the baseband modulated data signal,

n

s(t). Then the continuous time cross-correlation with perfect synchronization (1 =0) -

is:
Cpy (0) = Ti [r (et +0)ar (2.6a)
= “7!: [m(eye(t)ete + 0)ar (2.6b)

T
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=

= m‘.ﬁ} —7:’- = ml % : (2.6c)
I :
=m|,, .ET{cz(t)dt (2.6d)

Therefore the correlator output is equal to the original data bits cvaluated at 7,
intervals and scaled by the spread factor. Figure 2.6 shows input and output
waveforms for this cxample, when Fs=8 and N=31. From the output waveform it is
clear that the final data recovery is simply sign detection of the correlator output at 7}
intervals. The Olltpl‘l.t magnitude contains no data information itself but dees represent
the slrcngtlfof' the signal, which can be used in caleulating the post-demodulation
signal-to-noise ratio (SNR) to give an indication of the corrclation bit-crror rate

performance.

In a more realistic example, the received signal could be corrupted by interference and
noise signals as well as distorted by the RF channel characteristics. This cffect will

randomly vary r, (1) such that the product will be 1 with some variance. Integrating

this variance over the interval T,

. results in an averaging cffect, which reduces the
variance, or noise power, while not affecting signal power. This reduction in the noisc

power (s called the processing gain (G, ) of an SS system.
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Figure 2.6 Correlator input [ £, (¢) and ¢(#)] and output [ C., (¢) ] waveforms for Fs=8

and N=31.
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2.5 Code Division Multiple Access

In DSSS, multiple users can simultaneously transmit and reccive over the same
frequency spectrum since cach user’s modulated data looks somewhat like white
noisc to the other users. Differentiation of cach user’s data is achicved by using a
different PN code to modulate and spread the data, Ideally, if K codes are orthogonal
they span a K -dimensional space, which can accommodate K uscrs. Orthogonality
in this context means that the cross-correlation of one of the K —1 undesired users’
DS-modulated signal with the PN code of the desired user is zero. In this sense, the
C(-')I‘I'CIﬂt()l' performs a dot product between the desired PN code and the incoming
received signal. So only the desired incoming signal will have a non-zcro corrclation

resulting in a recovery of that user’s data [20].

The problcfn with this scenario is that it is difficult to find a sct of binary codes that
are orthogonal in an asynchronous multi-user transmission environment. To better
understand why this ié the case, we can iookl at a simple example of the cross-
correlation of two 7-chip PN codes; tl 110100) and (1100101) coded as +!. Figure 2.7
1s a plot of the crosscorrelation versus time shifts between the two codes. A
corrclation value of -1 in this case is essentially zero, there only 3 (-3, -2, and 2) out
of 7 possible chip phases (1} where the two PN codes are “orthogenal”. And since two
independent uscrs would transmit asynchronously there is no guarantee that the codes
would be orthogonal and hence the two transmissions could interfere with onc
another. In addition to long PN codes, even if two codes were initially orthogonal,
over time they could become non-orthogonal due to a slight mismatch in their timing
sources, This does l.lot mcan that multi-user transmissions cannot be used; on the
contrary, as stated previously other users’ signals look somewhat like white noisc and ‘
rcjection is via the processing gain mechanism inherent in SS communications. What
it docs mean is that complete rejection based on orthogonality principles cannot be
realized. Por this réason asynchronous multi-user transmission is treated as any other

interfering source [19].



25

A A
4 ) Cor(@)
. ] (T) Al

01234567

4 (1) s

012345¢67

Figure 2.7: CT cross-correlation of two 7-chip PN codes

In the next page, Figure 2.8 is a simplified block diagram of the CDMA transmitter.
Normally the orthogonal code rate is the same as the PN code rate so the orthogonal
code spreads the spectrum of the user’s data. However, in general, these orthogonal
codes have a very poor autocorrelation characteristic and therefore cannot be used for
synchronization in the receiver. Thus a PN modulation is still needed which will allow
the synchronization block to leverage the autocorrelation property to achieve timing

lock by peak detection.
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user | ———-—m —_—

user 2 %f>®—m\ @7- ®ﬁm %

user k ——m ® 5 (1)

cos(w, 1)

Figure 2.8: An example of a CDMA transmitter.

Demodulation of this doubly-modulated bascband signal can be accomplished by
double demodulation as shown in Figure 2.9. Unlike the single-user case, the
integration is not a linear ramp but a crooked one duc to integrating the other user’s
signals. However the final value is the same since the other user’s signals will
integrate to zero. Linearity of the correlator is important for maintaining the
orthogonal relationship of the signals, i.e, to cnsure that the other users’ signals
integrate exactly to zero. Sccond, for the same desired-user signal strength in the
single-user case, the dynamic range of the corrclator must be larger m the multi-user

case to accominedate the larger multilevel signal.

20) 1 (2) Z,(1)

~Q—@— |dt —

|

cos(w /) ¢, (1)

Figure 2.9: Multi-user CDMA receivers: straight-forward implementation.
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2.6 RAKE Receiver

A RAKE recciver combines the time-delayed versions of the original signal
transmission in order to improve the signal-to-noise ratio at the receiver. It aticmpts 1o
collect the time-shifted versions of the original signal by providing a scparatc
correlation recciver for each of the multipath signals [16]. Each correlation receiver
may be adjusted in time delay, so that a microprocessor controller can cause different
correlation receivers to search in different time windows for significant multipath.
The rémge of time delays that a particular correlator can search is called a search
window. The RAKE recciver, shown in Figure 2.10, is essentially a diversity receiver
designed specially for CDMA, where the diversity is provided by the fact that the
multipath ‘components arc practically uncorrclated from one another when their

relative propagation delays exceed a chip period.

—;—r Correlator 1

' 7}) . Z '
——= Correlator 2
i ~@—= [()di
' 0

» Correlator M

F'igure 2.10: An M-finger RAKE receiver implementation.

A RAKE receiver utilizes multiple correlators to scparately detect the M strongest
multipath components. The output of each correlator (finger) are then weighted to
provide a better estimate of the transmitted signal than is provided by a single
component. Demodulation and bit decisions are then based on the weighted outputs of

the M correlators.

%
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2.7 Processing Gain

The previous two scctions (scction 2.4 and 2.5) explained how recovery of the desired
user’s signal and rejection of undesired orthogonal users’ signals were accomplished.
We now look at all other signals that might be found in the received signal, which we
would like to reject. These signals can be divided into two categories; narrowband and
wideband interference. Narrowband interference can be simplified to a carricr wave
signal as in a broadcast radio transmission or an intentional jamming signal.
Wideband. interference will encompass white noise sources, multipath SS signals,
FHSS signals or asynchronous DS-CDMA signals. For the casc of carrier wave
(single frequency tone) interference, the corrclation process mixes the signal with a
PN code and then integrates the result. The PN modulating step of the correlation
randomly scrambles the sine wave and spreads its spectrum cxactly like the DSSS
transmission process, making it look like wideband interference prior to integration. .
The integrating step then averages or low-pass filters the interference, decreasing its
variance or AC signal power. In'the second casc of wideband interference, the PN
modulating step will tend to whiten, or flatten, the spectrum while the integrating step
will again lower the AC power of the interfering signal. In either case the averaging
effect by the correlator lowers the overall interference power and. thus increases the

SNR (assuming the desired signal power remains constant) by what is known as the

processing gain, G, . Thus we can define G, as:

SNR @7

where SNR, and SNR, are the output and input SNR of the correlator, respectively.

A somewhat more uscful rule-of-thumb definition for G, is:

T |
Gy=" S xt=F, 2.8)
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where BW,, and BW are the bandwidth of the data before and after SS modulation

[22].

2.8 Synchronization

Usually the synchronization process is carried out in two phases. In the first

(acquisition) phase a coarse alignment to within one chip time (7)) is achieved. Once

acquisition is attained the second (tracking) phase is begun. The tracking phase

performs a fine alignment to within a fraction of 7, and maintains that alignment

while the demodulation is in progress.

Acquisition and tracking rely heavily on the autocorrelation characteristic of PN
scquences. The tracking correlation length must be equal to the PN sequence

length, N Tc Whereas the demodulation correlation length needs to be equal to the

data bit fength, 7, . Acquisition is carried out by monitoring the cerrelator’s output for
successive chip (7,) phase alignments untit the peak region is detected signaling an
alignment within +7_ of peak center. This amounts to tracing the autocorrelation

curve of the PN sequence by the correlator. Two difficultics are somectimes
encountered in practice; data modulation of the PN sequence and a PN sequence that

“is longer than a data bit time (NT, > 7T, ). If the PN sequence length is cqual to 7
(NT. =T,) then acquisition can be attained by including negative as well as positive

peak detection. And without data modulation, having a PN sequence longer than 7,

(NT.>T,) implies only performing a longer correlation (beyond that needed for data

demodulation) before checking for the peak amplitude. When both conditions occur,
which is not infrequent, the peak detection process can be degraded or completely

impaired. Acquisition time (v, ) is the time it takes the receiver to achieve initial

coarse PN code alignment lock or reachieve alignment after losing lock [18].
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PN code alignment is that maintained by using two tracking corrclators in a feedback
configuration called a delay-locked loop (DLL). One tracking corrclator (Early)
samples the input a half chip time ahead of the data demodulator (Data), while the
other correlator (Late) samples one half chip time behind the data corrclator, as shown
in Figurc 2.11. The feedback is such that it trics to equalize the oulput values of the

two tracking correlators.

_ | Early
g Correlator 4—_-3_9
+4
Eclk
N Late,
1 (1) P ™ Correlator
ry
Lelk ' Claock
Control |
l Delk
. Data Z(l)
Correlator

Figure 2.11: Delay-Locked Loop with the data demodulator

This can best be understood by considering the CT C,,,(¢) function and Early and Late -

correlator results for three cascs; internal PN code ahead of the input signal, aligned to

the input signal and behind the input signal, which are shown in Figure 2.12.
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Figure 2.12: Early and Late correlator output values for different timing alignments;
{a) internal PN code is ahead of the receive input signal; (b) aligned to input signal;

(c) behind input signal.

The Early, Data, and Late correlators perform a correlation on three successive chip

phascs of the input signal spaced 0.57, apart, so when the ‘Early and Late output

amplitudes are cqual, the Data correlator will be perfectly aligned to the input signal

and will produce the pecak output value [20].

2.9 Summary

This chapter presented a bricf description of basic concept of Dircet Sequence CDMA
system for digital communication. This is a Spread Spectrum Multiple Access
(SSMA) technique. In the SS techniques processing gain reduces power of any noise
signal at the input of the correlator. Therefore, the benefit of SS modulation is that
aﬁy finite-encrgy or narrow-band noise introduced in the channel or by the front-cnd
SS receiver circuitry will be attenuated by the processing gain factor yiclding an
improvement in the overall SNR. DSSS schieme has the higher degree of jamming
* resistance than FHSS. For multipath propagation FHSS has a limited immunity. FHSS

requires wider bandwidth than DSSS.
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CHAPTER 3

POWER LINE CHANNEL

3.1 Introduction

There arc many advantages in using a power line network as a communication
channcl. Firstly, the power network is the most pervasive network compared to any
other networks in the world and its availability reaches every socket n our house.
Secondly, the installation of the PLC system is very cost effective, since it makes use

of existing power lines and no additional wircs are required.

However, unlike the other wired communication media such as the unshielded twisted
pair (UTP) and coaxial cables, LV Power Lines present an extremely harsh
environment for the high frequency communication signals. The three critical channel
parameters namely, noise, impedance and attenuation, are found to be highly

unpredictable and variable with time, frequency and location [21].

In order to overcome these difficultics, a lot of efforts have been undertaken to

characterize and model the LV Power Line channel.

The pc_)wer' line network differs considerably in topology, structure, and physical
properties from conventional media such as twisted pair, coaxial cables, or fiber-optic
cables. Only in the case of very simple topologies, such as a cable with a single .
branch, the physical reasons for the observed results (cable loss, reflection, and
transmission factors) can be easily identified. In real network topologies - which are
always more complicated — a back-tracing of measurement results to physical rcasons

will generally turn out to be impossible.

Power linc channcl is treated as a frequency selective fading channel. The channel has

multipath phenomena.
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3.2 Transmission Line

For lines with losses or for filter-type transmission circuits, we gencralize the
distributed series etement in the circuit model to an impedance Z per unit length, and

the distributed shunt element to a general admittance Y per unit length [22].

R dx L dx

Cax=n 2G dx

- . dx - -
Figure 3.1: Equivalcnt circuit of a transmission line with distributed parameters
R is the resistance per unit length, G is the conductance per unit length, L includes
both external and internal impedance and C is the capacitance per unit length.
Distributed series resistance in the conductors of the line, and distributed shunt
conductance because of leakage through the dielectric of the are introduced to

consider the losses. Distributed parameters are shown in figure 3.1. Distributed

impedance and admittance are then:
Z=R+jol | (3.1)
Y =G+ joC (3.2)
The propalgation constant is given by,

y =ZV =a+jp (3.3)



where a is the attenuation constant and 3 is the phase constant.-

Characteristic impedance of the transmission line s given by,
ZU:\/Z:. (R+ joL)
Y (G + joC)

From the equation (3.3) we get,

y = J(R+ jo LYG + joC)

! jlm",. [m(I(C‘-l-LG)

=[(RG -0*LCY +0 (RC + LG)Z];,e 2 RG—w'LC

From the equations (3.3) and (3.5) we get, attenuation constant,

]
o =[(RG-0?LCY +0* (RC+ LGV Th.cos[ tan ' 2B LO),y
2 RG-w LC
and the phasc constant;
L1 L o(RC+LG)
B =[(RG-w’LC) +m2(RC+LG)2]“.sm[5tan 'm]

From thc equation (3.4) we get,

34

(3.4)

(3.5)

(3.6)

(3.7)

Lo
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1
" ol 1, Citwd —Rex(!
RP+ @} |¢ pan” 22
Zo :|: e ? RG+@” 1L . (38)

3.3 Residential Power Line Cable

The low voltage power line cables are generally designed for the frequency of the
supplying network (50/60 Hz). The cable manufacturers normally give parameters for-
the cable, such as inductance, capacitance, and resistance. These values are applicable
closc to grid frequency. However the high frequency properties of the low voltage

power cables have also become important issues.

Radiation effect of residential power lines leaking signal power in the frequency range '
0-30 MHz is neglected because the width of a power line' is quite small compared
with a wavelength in the above so that a transverse electromagnetic (TEM) mode of
propagation will occur. That means Poynting power flow can be assumced as axial, so

that leakage is negligible from the line [22].

In Bangladesh, most of the indoor cable has two conductors (onc live and one neutral

¢

conditctor) as shown in Figure 3.2,

Figure 3.2: Indoor two wire power line cable
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PVC (Polyvinyl Chloride) 1s used as insulation material and phasc conductors are
made of copper. The relative permittivity for the PVC insulation material at the

frequency range 100 KHz-100 MHz is about, & ~2.9[22]. The conductivity of

copperis p, =1.72x10 " Qm{21).
The cquivalent transmission line parameters can be written as [21]:

. . R :
Resistance per unit length, R = O ’ -{3.9)
prde]

where R is the surface resistance of copper and a is the radius of cach wirc.

ACH

— " arad (3.10)

cosh™ (=
(20)

Capacitance per unit length, C.=

where, #is the absolute permittivity of insulating material and Dis the distance

between the central axis of the conductors.

Absolute permittivity 15 given by ¢ = £.&, ‘ (3.11)
Also, e=¢ — j& ‘ (3.12)
Conductance per unit length, G = L‘ED Siemens (3.1
cosh™ [——]
2a
) » ) i a D
Inductance per unit length, L =21 +cosh S0 Henry (3.14)
T {1

where L is the self inductance of each conductor and g is the absolute permeability

of copper.

L is given by, L =-— (3.15)
: " 87

and, 4= pp, (3.16)
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Dielectric losses are usually described by the “loss tangent™ or “dissipation factor”

tan S .

tans=2 : (3.17)
.

3.4 Multipath Signal Propagation through Power Line

In the power line channel, signal propagalion does not only take place along a dircct
line-of-sight path between transmitter and receiver, but additional paths (echoes) must
also be considered. The result is a multipath scenarto with frequency sclective fading
{23].

D

rf\[) I L ]
(3)

l__“;
() I lt’“ (2)
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Ty ¢—|

% tll!.

Figure 3.3: Multipath signal propagation; cable with one tape.

MuIlAiputh signal propagation is studied by a stmple example which can be casily
analyzed (Figure 3.3). The link lhals only one branch and consists of the segments (1 j,
(2), and (3) with the characteristic impedances Z,,, Z,, ,and Z,;.

In order ta simplily the considerations, A and C are assumed to be matched, which
means Z, =2, almd Z, =Z,,. The remaining points for_reflections are B and [, wilh
the reflection factors denoted as 1,,, 1y,, L, and the transmission Factors denoted as
tiys tyy. With these assumptions, an infinite number of propagation paths 1s possible

w principle, due to multiple reflections (1. e., A>B->C, 4> B DB,
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A—> B— D— B— D> B-C,and soon). Each path i has a weighting factor g, ,

representing the product of the reflection and transmission factors at power lines are
basically less or equal to one. This is due to the fact that transmission occurs only at
joints, where the load of a ‘parallel connection of two or more cables leads to @
resulting impedance being lower than the characteristic impedance of the feeding
cable. Hence the weighting factor g, - a product of transnussion and reflection factors

— is also less.or equal to‘one, 1. ¢.,
lg,| <1 (3.18)

The more transmissions and reflections occur along a path, the smaller the weighting

factor g, will be. Furthermore, longer paths exhibit higher attcnuation. so that they

contribute less to the over all signal at the receiving point. Duc to this fact, it is
reasonable to approximate the basically infinite number of paths by small number of

dominant paths.

3.5 Long Distance Communication through Power Line

Isolation Transformer

1:1
2l
i _)Hg | ,
!
! i
A C o C : A € C
| .
[ ! ,
‘1 o . !
i Distribution Translormer :
» |
L N | L
HV side pl ! LV side
: J |

Figure 3.4: Distribution transformer with bypass circuit.
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Presence of distribution transformer is a drawback for long distance power line
communication. Information signals cannot.pass through the distribution transformer
because of higher harmonics. Distribution transformers arc designed for 50/60 Hz and

high voltage. It is required to deploy a bypass circuit to overcome this circumstance.

Figure 3.4 shows one line diagram of a distribution transformer with a bypass circuit
based on coupling circuits described in [38], [39]. The capacitors arc acted as high--
pass filter so that information signal can pass, through them. Isolation transformer is

used to provide isolation between lﬂigh voltage side and low voltage side.
3.6 Summary

The channel characteristics of powcer line are highly dependent on geographical
location, nctwork topology, and connected load. HMigh frequency transmission line
parameters of a power linc cable can be calculated from its physical dimensions.
Reflections occur in power line duc to impedance mismatching and cause multiple
version of information signal. It has been demonstrated that the residential power line

cable networks could be modeled as a frequency selective multipath channel.



40

CHAPTER 4

RESIDENTIAL POWER LINE NOISE CHARACTERISTICS

4.1 lntroductionI

Noise is omnipresent in all types of communication channels. Residential
environment contains a number of complex electronic products and electrical systems.
Power line represents a particularly difficult communication environment. Residential
power line noises are determined by the responses of home appliances. Figure 4.1

shows the power line noise scenario.

Colored background
. . Transmilter
Noise

Y
Channet h(t)

Narrowband Noise

Periodic impulsive noise,

o

asynchronous to the

main frequency

Periodic impulsive noise,
Receiver

synchronous to the

-main frequency

Asynchronous

impulsive noise

Figure 4.1: Power line noise scenario
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Power line noise includes both background and impulsive components. Background
noise level decays with increasing frequency. In the case of impulsive noise, however,
the time-domain characteristics of the impulses have an important bearing on data
communication performance. Important time-domain parameters include impulse
ampliludé, width, and interarrival time. The amplitude together with the width defines
the impulse energy. The interarrival time defines the impulse frequency and, together

with the energy, defines impulse noise power [25].

4.2 Classification

The measurement results in reference [26] reveal that the power line noise channel
can not be modeled as an Additive White Gaussian Noise (AWGN) channcl, which is
used to represent noise in the radio communication channel. The radio noise is

modeled as a flat spectrum that spans all wireless frequencies with its power equal
" to k72, where k denotes the Boltzmann’s constant (equal to 1.38x107J/K ) and

T denotces the temperature in Kelvin.

From the basic approach, five general classcs of noise can be defined {27]:

(1) Colored background noisc: This type of noise has a relatively low power spectral

density (PSD), varying with frequency. This type of noise is mainly caused by
summation of numerous noise sources with low power. Its PSD varics over time

in terms of minutes or even hours,

(2) Narrow-band noise: Sinusoidal signals, with modulated amplitudes caused by

ingress of broadcast stations. The level is varying with daytime.

(3) Periodic impulsive noise asynchronous to the mains frequency: This type of noisc

has a repetition rate between 50 and 200 KHz, with a discrete line spectrum
spaced according to the impulse repetition rate. This type of noise is mostly

caused by switched power supplics.
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(4) Periodic impulsive noise synchronous to the mains frequency: This type of noise

has a repetition rate of 50 or 100 Hz (for 50 Hz mains frequency). The impulscs
- arc of short duration (some microseconds} and have a PSD decreasing with
frequency. This type of noise is caused by power supplies, mainly by switching of

rectifier diodes, which occurs synchronous with the main cycle.

(5) Asynchronous noise: This type of noise is caused switching transients in the

network. The impulses have duration of some microscconds up to few
milliseconds with random occurrence. The PSD of this type of noise can reach

values of more than 50 dB above the background noise.

The propertics of noise types (1) - (3) usually remain stationary over periods of
seconds and minutes or sometimes even for hours, and may be summarized as
background noise [31]. The noise types (4) and (5), however, are time-variant in terms
of microscconds to milliseconds. During the occurrence of such impulses, the PSD of

the noise rises considerably and may cause bit or burst crror in data transmission.

4.3 Background Noise

Available background noise power in watts per hertz is given by [28]:
Ny = 107 F39590 Dy f 7] (4.1)

where K is a Gaussian random variable with mean () = 5.64, standard deviation

{(o)=0.5and [ is the frequency in hertz.

Equation (4.1) is a statistical approximation of background noise power at any

location; this is a frequency dependent relation.

As the background noise is always present in the power line and is mainly caused by
the summation of noise sources of low power, it is difficult to predict exactly the ievel

of the background noise or the occurrence of a specific noise disturbance. Background
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noise characteristics are shown in Figure 4.2. For frequencies above 1 MHz,

background has negligible effects.
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Figure 4.2: Background noise characteristics at frequency range (0-1500 KHz)

4.4 Impulse Noise

Impulse ncise is a serious source of impairment for intrabuilding power line
communications. Such noise requires approximate description to enable cffictent and
effective channel utilization. Impulse noise occurs on the line during only a small |

fraction of time and is characterized by magnitude, duration and interarrival time [25].

There is no accepted model for characterizing the statistics of the impulse noise on
power lines because of the lack of sufficient data,. Instead, the models developed for

telephone networks are used [29-32].
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4.4.1 Impulse Amplitude

Laplace probability density function (PDF) is generally employed to characterize the
amplitude of the impulse notse. Unlike in telephone networks, the impulse noise in
power lines is expected to be very strong and to destroy the bits when it hits. Figure

4.3 shows Laplace’s probability density function,
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035+ / . \\

0.3 - | | L 1 1

L 1 ] 1 b3 1
025 02 015 01 D05 O 005 01 015 02 025
Noise amplilude in mVv

Figure 4.3: Laplace’s probability density function
Laplace’s probability density function is given by:

/7

1 | (4.2)

fon=—

L

where # is the amplitude of impulsive noise and &, is the standard deviation of #.

The expected amplitude of impulse noise is given by:

\/‘2‘ N _\El"fi

J ne "_"dn (4.3)
c, 3 :

n

A=2 j n f(n)dn =
0
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4.4.2 Impulse Width

Time duration (impulse width) is genearally characterized by a log-normal probability

denstty function [31]. The probability density function is given by:

fn2(-1y)
_ fas

1 20,
f(t) - 27Ot ¢

2

(4.4)

where, ¢,, and &, are the median and standard deviation of ¢ (sampled impulsc width)
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respectively. Figure 4.4 shows the log-normal probability density function.
Figure 4.4: Log-normal probability density function
The expected impulse width is given by:

In? L)
_l (r“ [

j e I dt (4.5)
Q

i

t, = jftf(t)dt =

0

2no,
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4.4.3 Interarrival Time

Interarrival time is inversely related to the frequency of occurrence of the impulsc

noisc and is generally described by an exponential PDF,
f()=Ae* (4.6)

where A shows the mean frequency of occurrence of the impulse event. The cxpected

interarrival time within an observation window (7}, ) is given by:

i

T
l,, = jﬂ.te"’“a’l ' : (4.7)
0

4.4.4 Synchronous Impulse Noise

This 1s the noisc caused by switching devices, such as SCR’s and certain power
supplics. An SCR switches when the power voltage crosses certain value. Since the
voltage is cyclic, the SCR switches at 50 Hz or multiple of 50 Hz and thercby causcs
noise at 50 Hz and multiples thereof. This noise is synchronous with, drifts with, the
50 Hz power frequency. SCR’s are a ubiquitous part of every distribution system.
This type of noisc occurs on both th&; primary and secondary of the distribution line.

The noisc has a line spectra with lines at multiples of 50 Hz [33].

Any appliance with SCR causes periodic synchronous impulse noise. The noise is
time dependent. A popular residential electrical device which generates high levels of
harmonic noise is the solid state light dimmer. The dimmer is wired in series with the
incandescent lights and controls lamp brightness by switching ON and OFF rapidly

through the vsec of SCR. The noise produced by the light dimmer is periodic and
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synchronous with the 50 Hz power frequency. The light dimmer setting controls the

time of light dimmer noise. Figure 4.5 shows the noise caused by a light dimmer.
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Figure 4.5: Light dimmer noise.

The synchronous impulse noise power can be given by [30]:

i

1 w5
Ng = [ ng (07 ar ~ (4.8)
s b
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4.4.5 Asynchronous Impulse Noise

This type of disturbance is caused by all kinds of switching opera{ions. Switching
phenomenon causes asynchronous impulse noise. Sometimes a train of periodic
synchronous impulse noise follows an asynchronous impulse in the PLC system. This
disturbance affects the whole range of frequency band and its duration is very short.
This is the most pbwerﬂll parameter that affects PLC system performance [27]. This

is a random process. Figure 4.6 shows a typical asynchronous impulse noise in power -

line.
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Figure 4.6: Typical asynchronous impulsc noise.

Switching transients an'ywhere in the power line network causes typical asynchronous
impulse cvents. The shape of the impulses is often similar to damped sinusoids or
superimposed damped sinusoids. However, there is no general restriction to theses
shapcs; it depends on switching instance and circuit.parameters. The asyﬁchronous

impulse noisc power can be given by [27]:
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1 L]
N, = [ nateyar - (49)

tIAT,AI 0

4.5 Noise Power in Power Line

In order to account for the contributions of all type of noises, we are introducing a
new noise term N, . From the equation (4.1), (4.8) and (4.9} wc get the average

power line noise power:

Np =N+ Ny + N, | 4.10)

We shall use the term of N, in our performance analysis. If n(¢) is the amplitude of

total power line noise at any instance then we define &, as follows:

Ny (6= (1) (a.11)

4.6 Summary

Besides signal distortion due to interference and multipath fading, noise is the most
crucial factor degrading high-speed data transmission over power line networks. Due
to a considerable rise of the noise power during the occurrence of impulse cvents,

there is a significant probability of bit errors.

In this chapter we have cstimated the power line noise level by means of analytical
expressions. We need huge statistics about power line noise to get better accuracy mn

estimating the noise level,
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CHAPTER 5

DEVELOPMENT OF AN ANALYTICAL MODEL FOR THE
' DS-CDMA PLC SYSTEM

5.1 Introduction

In this dissertation we examine the performance of DS-CDMA system over power
line channel for high-speed data. The performance of any multiple access technique
depends on multiple access interference and channel noise. The indoor power line
network is modeled as a multipath propagation environment, where dc'layc:d replicas
of the transmitted signal reach the receiver with different amplitude and phasc
characteristics [26]. These multipath signal components are caused by reflections on
channcl discontinuhics, such as termination loads and linc junctions. Multipath delay

spreads leads to time dispersion and frequency selective fading [16].

The Rayleigh distribution is commonly used to describe the statistical time varying
nature of the envelope of an individual multipath component. In reference |15]) and
[17], it has bcen seen that the histogram of power line channel transfer function is
well approximated by Rayleigh distribution. In our present work, we consider power

linc as a frequency selective Rayleigh fading channel.

In the previous chapter we have modeled the channel noise. We have introduced a
noise term that includes the effect of all type of noises. This noise term will be used in

our analytical model.

There are two key aspects for DS-CDMA systems: to combat or suppress the effects
of interference due to jamming, interference arising from other users and interference
due to multipath propagation, and to achieve message privacy in the presence of other

listeners.
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In this chapter we provide a mathematical description of an asynchronous DS-CDMA.
In our analysis, we consider the BPSK modulation technique. We consider the
possible presence of frequency-selective fading and the organization of the system in

a power line noise structure.

We estimate system performance in terms of signal to interference ratio (SIR) and bit
error rate (BER), based on the statistical description of all the channel impairments.
The calculation of SIR and BER is very important for designing a communication

system.

The SIR indicates the signal strength against the interference and noise. This
information is used to fix the design parameters of a communication systcm with

multiple access. The higher value of SIR ensures the reliable transmission of signal.

The term of BER i§ the main performance parameter of a digital communication
system. This term indicates the reliability of a digital communication system. The
optimum values of the design parameters can be calculated from the tolerance limit of

BER.

5.2 Analytical model

In our present work, we have designed an analytical model for DS-CDMA power line

communication systems. We have taken a system with K, number of users, L number

of multipath and G, is the processing gain. Bit duration is 7, and chip duration is T,

We have considered a channel with frequency-selective fading which obey the
Rayleigh distribution. For the calculation of multiple access interference (MAI) we:
have used the Gaussian approximation [16]. Figure 5.1 shows the DS-CDMA PLC

system.
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Figure 5.1: DS-CDMA PLC system

5.2.1 Transmitted signal model

Let us assume that there are K, number of independent users transmitting signals in

the DS-CDMA system. Each of them transmits a signal in the form:
5,()=y2Pm(t—1,)c, (-1, )cos(m t+0,) ' (5.1

where, P, is the power of the transmitted signal, o, is the common carrier frequency,

8, is a phase shift offset, m,(f) and ¢, (r) arc the data and spreading signals

respectively and 1, is a random transmission delay calculated with respect to

w



reference transmitted signal, accounting for the lack of synchronization among the
users. ,

The data signal m, () is a sequence of unit amplitude rectangular pulses of duration
7, and phase 0 and = radian with equal probability. Each pulse represents an
_information bit for user £ . The spreading signal c, (1} is a sequence of unit amplitude

rectangular pulses (chips) of duration 7. and phasc. 0 and = radian with equal

¢

probability.

There are G, chips per bit and thus G, =% 1s the processing gain for user & .

[

5.2.2 Channel model

In contrast to many other communication channels, an additive white Gaussian noise
(AWGN) model can not describe the noise in a power line environment.

We consider power line channel as a frequency—ée]ective fading channel, which
generates the multipath phenomenon, that is a number of replicas of the source signal
characterized by their- own declays, phasc rotations and Rayleigh distributed
amplitudes [34].

The £" source signal is transmitted through a channel /, (/) that can be written in the

form [35]:
I ]

h(n=>a, e*s@-1],) (5.2)
= .

where ¢, , and 1/, are the phases and time delays introduced by the channcl; they can
be assumed to be random variables uniformly distributed in [0,2r) and [0,7,, ]

respectively, where T is the maximum delay at which there can be a multipath ray.

max

L, is the number of multipaths gencrated by the frequency selective channel for the

k™ transmitted signal. ay, is the path gain component with Rayleigh distribution:

2
o

@ =Tre ™ ' (5.3)
[e7

o
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5.2.3 Received signal model

In a CDMA system, the signals from many users arrive at the input of the receiver.
Thus the received signal contains both the desired users’ signals as well as the channel
noise. In case of frequency selective fading channels, there are also the multipath
components of both the desired interfering users. Thus, the tota! received signal can

be written as;

K11,

r)= 2 > 2P, m (-1, e (-1, )eos(o,f +,, )+ n(D) (5.4)

k=0 i =0

where n(7)is the power line channel noise with power spectral density N, .The value |

of 0, is included here into the definition of ¢y, » while the valucs of t;and 7, arc
included in 7, , . Without loss of generality, we assume that the signal from user 0 is

the signal of interest.

A correlation receiver is typically used to filter the desired user’s signal from all
others users’ signals which share the same bandwidth at the same time. For this
purpose the reccived signal r(s)is mixed down to baseband, multiplicd by the

spreading sequence associated to the desired user (¢,(f) ) and integrated over one bit

period. This sequence of operations is called despreading. Thus, assuming that the

receiver is delay and phase synchronized with the main multipath- component of the

signal of interest, the bit decision statistics for that user within the bit interval
[/T,,(/+1)T,] is given by [36]:

{+0T, _
ZuD= [ rlDe,(t—tq0)c0s(w, 1)l

m,

P F O I
=n10(1)ao.0‘/?°7;+z > L, +v (5.5)

k=0 (i =0,,20]

where s, (/) is the I transmitted bit from the source 0.

“



Useful signal is given by:

Dy(Iy=m, ([)ao,o \/%Tn

Noise term is given by:

{(+NT,
IVES J. (1), (t =74 4) cos(e ¢ )dlt
I, .

and the summation is given by,

L A
A
I= Z ]k !
k=0 (4, =00y #0]
K, I, (D

@S (=T, )e

b

Colt ~T40) cOS(, £)dll
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(5.6)

(5.7)

(5.8)

I Represents the contribution of MAI to the decision statistics. It is worth 1o notice

that the MAI term includes:

- all the multipath components relative to the desired user: /,,

the (0,0) component is the direct ray;

los,1» While

- all’ the direct and multipath components relative to the interfering users:

Lo iy o forall k=12,

Thus the decision statistics defined in (5.3) can be re-written as:

Z, () =Dy()+1 +v

(5.9)

where D,(/}is the desired signal component (first term in (5.5)), I is the MAI (5.7)

and v is the channel noise term (5.6).
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5.3 Analysis of signal to interference ratio (SIR) and bit error rate (BER)

In any multiple access system, one of the fundamental design parameter is the signal-
to-interference (SIR) at the receiver, which measures the ratio between the useful
powcer and the amount of interference gencrated by all the other sources sharing the
same resource.

Recalling the expression (5.8), it is easy to express the SIR:

T E{IM 4+ EW7) -10)

The statistical averages in equation (5.9) can be calculated as follows for the uscful

term [17]:
. .
E{D,(1)"} = E{(m, (1) = %0Th) }

BT,
2

Efa,,’} (5.11)
By maintaining the conditioning on the path gain a,, , we get

PT* :
E{D)" | ago} =—t=an, (5.12)

By using Gaussian Approximation, for a frequency-selective Rayleigh fading channel,

variance of interference caused by the interfering components can be calculated as

follows [35], [16]:

We assume perfect power control and identical L number of paths is available for

each user. We want to receive signal from the desired user through a single path.

Variance of interference for 0" path is given by:



57

E =K, —1) G’* E{a’ 00} (5.13)

4

Variance of interference for the rest of the L -1 paths is given by:

£ Th
E{a®,n 5.14
C {a’ oo} | (5.14)

P

EQ P hnt=(L-DK,

By adding the equation (5.12) and (5.13) we get the variance of interfcrence [26]:

: PT? P'T?
E{IYY = E{d®,. MK, -1)—2—+ E{a*,,, }(L-DK,
{7}y = E{a",,, }(K, )GGP {a* m}( ) 5G,
P b 2
= F{/*} =2k o [E{a® J (K, ~ D)+ K (L-1)E{d*,,,,}] (5.15)

n

where, a,, arc the path gains which are identically Rayleigh distributed, and P,is

the transmitted signal power.
By applying the properties of Rayleigh distribution we get:
E{ayg'} = Elay,, '} =20° - | (5.16)

where o is the variance of path gain components over the power linc channel with

frequency selective Rayleigh fading.

Hence, we can rewrite the equation (5.15) as:

E{I?) = PT’* (K,L—l) (5.17)

P
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The noise term E{v’} can be expressed as [16]:

E{v'y= ].nz(t)coz(!)cosz(wct)dt

0

=

. |
N;’— b C(5.18)

where N,, is the average power line noise power.

Hence we get the equation (5.10} as:

o0
2 (5.19)
NPL’];:

SIR Ugq = T
02 % (K L-1)+
3G

7

Then, averaging over the distribution of g, ,, the average signal-to-interference ratio

for a power line channel is given by:

L | (5.20a)

r=—
KL-1), Ny
3G, 20°RT,
=>T = 1 | (5.20b)
KL-1, Ny
3G, 20'E,

A

e
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Equation (5.20b) can be considered as a modified version of the following equation,

I

= r = -
> ki1 W, (5.20¢)
3Gp 40-2Eb
where, energy per bit is given by, £, = AT, (5.21)

Equation (5.20c) is a common expression, which is used for wireless channel with
AWGN and frequency sclective Rayleigh fading [37]. Where %{‘l i1s the average

power of additive white gaussian noise (AWGN). In chapter 4, it has been shown that

power line noise can not be considered as AWGN. We can use a power linc noisc

. N, ) . .
term N,, instead of 7" , which has been introduced in chapter 4.

The dissimilaritics of SIR expressed by equation (5.20b) and equation (5.21¢) are to

uL_

be noted. The denominators of the two expressions have a common first term

P

But the second terms in the two denominators are different. In the case of wircless
. N ) ) )
transmission, avcrage AWGN=?" with a flat power spectral density (PSD) is

assumed. In the case of power line, ~,, is not a noise of the Gaussian type. [t is the

average value of noise power arising from combined colored background and impulsc

" type of noises, which are actually obscrved in a power line.

The average bit-error-rate is given by [19],[37}:

BER=-1|1- / L.
2 2+

I 1 (5.22)

o | —
T
=
to
N
L)«‘!:K
Q| o~
|
)
QN;2
o0
~—
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Equation (5.22) is valid only for correlation receiver with BPSK modulation scheme.

5.4 Performance Analysis for RAKE Receiver

RAKE receiver is used to exploit multipath propagation of information signals. We
can consider a RAKE receiver with L fingers for L paths in our systeni. '

The over all sig11al-t0-in£erfer611ce ratio is then [35],

L=l

2
Z A
1,=0

SIR, o = :
T 20N (K, L1 | NyR,
3Gp F,
L
SIR gy = KL-1 N,R (5.23a)
u + Lh
3G, 20’2]3:]
SIR e = LT . (5.23b)

The average bit-crror-rate for RAKE receiver with frequency selective Rayleigh

fading channel is given by [38]:

BER i :U]‘Q(\/;)f(x)dx . (5.24)

Where xis a chi~sguare—distributed random variable with 2L degrees of freedom and

averagel , and

1 . '%
f(x)=mx e (525)
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For a RAKE receiver of L fingers for L path, the average bit-crror-rate  (BER) is

given by,

e G| )

(il

= (5.26a)
: L 202+1) : . :

’- T4
2L-1 :
BER, ;1 = [L ) : (5.26b)
| 2|2+ l
KL-1 NyR,
3G,. 20°P,
L ” J
5.5 Summary

In this chapter the analytical model for the PLC channel has been developed and
expressed with all the useful terms. The reason for choosing power line as a frequency

selective fading channel is also explained. We have derived the expressions for SIR

and BER.



62

CHAPTER 6

PERFORMANCE ANALYSIS AND DISCUSSIONS

6.1 Introduction

The performance issues of any multiple access technique are dircctly related o the
number of users. Thus, the performance of a multiple access technique measures the
number of simultancous users who are facilitated with communication services under

an acceptable level ol bit error rate (BER).

Following the analytical formulation presented in scction 5.3 and 5.4 we evaluale the
performance of DS-CDMA PLC system at a chip rate of 10.24 Mchips/scc, using
variance of path gain o’ :0.l45. We assume that transmitted signal power is 1V
according to FCC specification for high-speed data transmission over power linc
channel. We present the impact of power line noise and the impact of mullipath

propagation with SIR and BER characteristics.

We use equation (5.20b), (5.23a) to calculate SIR and (5.22), (5.26b) to calculate
BER. We measurc the performance paramelers by the number of simultaneous users.

These parameters have been caleulated by MATLADB 6.5.

The impact of power line noisc is evaluated by the SIR and BER curves considering
different  scenarios: Gpr =256, R, = 40Kbps for  Corrclation  receiver;
G, = 128, R, =80Kbps  for - Correlation receiver; G,=064,R, = 160Kbp..s' for
Correlati‘on receiver; G, =256,R, =40Kbps for-  RAKE receiver,
G,=128,R, =80Kbps for RAKE receiver; and G, =64, 8, =160Kbps for RAKL

receiver. We also compare SIR and BER performance of Correlation and RAKLE

receiver under same noise level.
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The impact of multipath propagation is evaluated by the SIR and BER curves

considering different scenarios: (G, =256, K, =40Khps for Correlation receiver;
G, =128k, =80Kbps  for Correlation receiver; G, =064.R, = lG()Kbps for
Correlation reeciver; G, =256,R, =40Kbps for RAKE reegiver;
G, =128, K, =80Khps for RAKE receiver; and G, =64, R, =160Kbps for RAKE

reeeiver. We also compare SIR and BER performance of Correlation and RAKE

receiver under same number of multipath,
6.2. Impact of Power Line Noise

From the residential power line noise survey results in [40], we obscrve that average
power line noise power can vary from —170 dB to 26 dB. In previous references [8-
141, power line noise were considered between —85 dB and ~35 dB. In our case a

noise level below —90 dB has no significant impact on the system performance.

Figure 6.1 to Figure 6.6 depict the plots of SIR versus number of simultancous users

(K, ) under different combinations of R,, G, and receiver with the values of noise

power N, as -50 dB, 60 dB, -70 dB and -90 dB. For all the cases we consider the

number of available path L=2.

Figure 6.7 depicts thc comparative S/R performance of Correlation and RAKE

receiver,

Figure 6.8 to Figure 6.13 depict the plots of BER wversus number of simultancous

users { K, ) under different combinations of R,,G, and receiver with the values of

N, as -50 dB, -60 dB, -70 dB and -90 dB. For all the cases we consider the number
of available path £ =2,

Figure 6.14 depicts the cdmparzstive BER performance of Correlation and RAKE

receiver.
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Figure 6.1 depicts the various plots of signal to interference ratio (SIR) as a function
of power line noise, ~,,, for the bit rate, R, =40Kbpsand the processing gain
G, =256 with Correlation receiver. The SIR increases cxponentially with the

decrease of power line noise. The system shows good signal strength between noise

levels =90 dB and -70 dB.
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Figure 6.1: Plots 'of signal to interference ratio (SIR) versus various number of users
in a direct sequence CDMA PLC system for different values of power line noise,
N, ,in case ‘of Correlation receiver with bit rate R, =40Kbps and processing gain
G, =256, at a chip rate 10.24 Mchips/sec with transmitted signal power £, =1 v?

and ¢? =0.45.
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Figljre 6.2 depicts the various plots of signal to interference ratio (SIR) as a function

of power line noise, N, , for the bit rate, R, =80Kbpsand thc processing gain

G, =128 with Correlation receiver. The SIR increases exponentially with the

decrease of power line noise. The system shows good signal strength between notse

levels —90 dB and —70 dB.
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Figure 6.2: Plots of signal to interference ratio (SIR) versus various number of uscrs

in a direct sequence CDMA PLC system for different values of power linc noise,

N

I

in case of Correlation receiver with bit rate R, =80Kbps and processing gain

G, =128, at a chip rate 10.24 Mchips/sec with transmitted signal power £, =1 v?

and 62 =045.
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Figure 6.3 depicts the various plots of signal to interference ratio (SIR) as a function
of power line noise, N,,, for the bit rate, R, =160Kbpsand the processing gain
(7, = 64 with Correlation rcceiver. The SIR increases exponentially with the decrease

of power line noise. The system shows poor signal strength between noise levels —70

dB3 and above.
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Figurc 6.3: Plots of signal to interference ratio (SIR) versus various number of users
in a direct sequence CDMA PLC system for different values of power line noise,

N,, . in case of Correlation receiver with bit rate R, =160Kbps and processing gain

P

G,=64, at a chip rate 10.24 Mchips/sec with transmitted signal power £, =1 V?* and

o?=045.
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Figure 6.4 depicts the various plots of signal to interference ratio (SIR) as a function
of power line noise, N, , for the bit rate, R, =40Kbps and the processing gain
G, =256 with RAKE receiver. The SIR increases exponentially with the decreasce of

power line noise. The system shows good signal strength below levels —60 dB.
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Figure 6.4: Plots of signal to interference ratio (SIR) versus various number of users
in a direct sequence CDMA PLC system for different values of power line noise,

N, , in case of RAKE recciver with bit rate R, =40Kbps and processing gain

G, =256, at a chip rate 10.24 Mchips/sec with transmitted signal power fj =1 v?

and c? =0.45.
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Figure 6.5 depicts the various plots of signal to interference ratio (SIR) as a function
of power line noise, N, , for the bit rate, R, =80Kbpsand the processing gain
G, =128 with RAKE receiver. The SIR increases exponentially with the decrease of

power line noise. The system shows good signal strength between noise levels 90 dB

and =70 dB.
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Figurc 6.5: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different values of power line noise,

N. ., in case of RAKE receiver with bit rate R, =80Kbps and processing gain

[N A

)

G, =128, at a chip rate 10.24 Mchips/scc‘ with transmitted signal power 7 =1 V?

and ¢* =0.45.
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Figure 6.6 depicts the various plots of signal to interference ratio (SIR) as a function

of power line noise, N, , for the bit rate, R, =160Kbpsand the processing gain
G, =64 with RAKE recciver. The SIR increases exponentially with the decrease of

power linc noise. The system shows poor signal strength between noise levels 60 dB

and above.
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Figure 6.6: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different values of power linc noise,

N, , in case of RAKE receiver with bit rate R, =160Kbps and processing gain
G, =064, at a chip ratc 10.24 Mchips/sec with transmitted signal power F} =1 V? and

or=045.
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Figure 6.7 depicts the comparative signal to interference ratio (SIR) plots for

Correlation and RAKE receiver as a function of power line noise, N, , for the bit
rate, R, = 40Kbpsand the processing gain G, = 256. We observe that using a RAKE

receiver the SIR of the system are better than a Correlation receiver.
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Figure 6.7: Plots of comparative signal to interference ratio (SIR) versus various
number of users in a direct sequence CDMA PLC system for different values of

power line noise, N, , in case of RAKE receiver with bit rate R, =40Kbps and

processing gain G, =256, at a chip ratc 10.24 Mchips/scc with transmitted signal

power P, =1V?and 6” =0.45.
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Figure 6.8 depicts the various plots of bit error rate (BER) as a function of power line
noise, N,,, for the bit rate, R, =40Kbpsand thc processing gain G, =256 with
Correlation receiver. The BER decreases exponentially with the decreasc of power

line noisc. The system shows poor performance for noise level above —70 dB.
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Figure 6.8: The bit error rate (BER) performance against number of users of a direct

sequence CDMA PLC system for different values of power line noise, V,, , in case of

Correlation receiver with bit rate R, = 40Khps and processing gain G, =256, at a.

chip rate 10.24 Mchips/sec with transmitted signal power 7, =1 V2, and 6* =045,
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Figure 6.9 depicts the various plots of bit error rate (BER) as a function of power line
noise, N, , for the bit rate, R, =80Kbpsand the processing gain G, =128 with
Correlation recciver. The BER decreases cxponentially with the decrease of power

~ line noise. The system shows poor performance for noise level above -90 dB.
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Figure 6.9: The bit error rate (BER) performance agéinst number of users of a dircct

sequence CDMA PLC system for different values of power linc noisc, N, , in casc of

Correlation receiver with bit rate R, =80Kbps and processing gain G, =128, at a

chip rate 10.24 Mchips/sec with transmitted signal power £, =1 Vi, ando’ =0.45.
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Figure 6.10 depicts the various plots of bit error rate (BER) as a function of power
line noise, N,, , for the bit rate, R, =160Kbpsand the processing gain G, =64 with
Corrclation receiver. The BER decreases exponentially with the decrcase of power

line noise. The system shows very poor performance for noise level above —90 dB.
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Figure 6.10: The bit error rate (BER) performance against number of users of a direct

sequence CDMA PLC system for different values of power line noise, N, , in casc of

Correlation receiver with bit rate R, =160Kbps and processing gain G, =64, at a

chip rate 10.24 Mchips/sec with transmitted signal power P, =1 V2, and 6% =0.45.
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Figure 6.11 depicts the various plots of bit error rate (BER) as a function of power l
linc noise, N,, , for the bit rate, R, = 40Kbpsand the processing gainG, =256 with
RAKE receiver, The BER decreases exponentially with the decrease of power lne

noise. The system shows good performance for noisc level below —60 dB.
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Figure 6.11: The bit error rate (BER) performance against number of users of a dircct

sequence CDMA PLC system for different values of power line noise, N, , in case of
RAKE receiver with bit rate &, =40Khps and processing gain G, =256, at a chip

rate 10.24 Mchips/sec with transmitted signal power /3 =1 V¥, and 6 =0.45.
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Figure 6.12 depicts the various plots of bit error rate (BER) as a function of power
line noise, N, , for the bit rate, R, =80Kbps and the processing gain G, =128 with

RAKE receiver. The BER decreases exponentially with the decrease of power line

noise. The system shows good performance for noise level below —70 dB.
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Figure 6.12: The bit error rate (BER) performance against number of users of a direct

sequence CDMA PLC system for different values of power line noise, N, , in casc of

RAKE recciver with bit rate R, =80Kbps and processing gain G, =128, at a chip

rate 10.24 Mchips/sec with transmitted signal power P, =1 V2, and 6 = 0.45.
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Figure 6.13 depicts the various plots of bit error rate (BER) as a function of power
tine noise, N, , for the bit rate, R, =160Khpsand the processing gain G, =64 with

RAKE recciver. The BER decreases exponentially with the decrease of power line

noisc. The system shows good performance for noise level below —90 dB.
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Figuré 6.13: The bit error rate (BER) performance against number of users of a direct
scquence CDMA PLC system for different values of power line noise, N,, , in casc of

RAKE receiver with bit rate R, =160Kbps and processing gain G, =64, at a chip

rate 10.24 Mchips/scc with transmitted signal power F, =1 V¥, and 6> =0.45.
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Figure 6.14 depicts the comparative bit error rate (BER) plots for Correlation and

RAKE receiver as a function of power’ line noise, »,,, for the bit rate,
R, =40Kbpsand the processing gain G, =256. We observe that using a RAKE

receiver the performance of the system are better than a Correlation receiver.
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Figure 6.14: Plots of comparative bit error rate (BER) versus various number of uscrs
in a direct sequence CDMA PLC system for different values of power linc noisc,

N, , in case of RAKE receiver with bit rate R, =40Kbps and proccssing gain
G, =256, at a chip rate 10.24 Mchips/sec with transmitted signal power F, =1V?

and 0% = 0.45.
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6.3 Impact of Multipath

Theoretically infinite number of path is possible in power line but dominant paths arc
limited. In CDMA wireless communication standard 1S-95, only three paths arc

considered. In current research, we consider maximum four paths in our analysis.

Figure 6.15 to Figure 6.20 depict the plots of SIR versus number of simultancous

users (K, ) under different combinations of &, ,G, and receiver with the values of

Las 1,2,3 and 4. For all the cases we consider the power line noisc [evel ~90dB.

Figure 6.21 depicts the comparative SIR performance of Correlation and RAKE

receiver,

Figure 6.22 to Figure 6.27 depict the plots of BER versus number of simultancous

~users (K, ) under different combinations of R, ,G and receiver with the valucs of

Las 1,23 and 4. For all the cases we consider the power line noise level —90dB.

Figure 6.28 depicts the comparative BER performance of Correlation and RAKE

recelver,



79

Figure 6.15 depicts the various plots of signal to interference ratio (SIR) as a function
of number of available path, L, for the bit rate, R, = 40Kbpsand the pfocessing gain
(7, =256 with Correlation receiver. The SIR decreascs exponentially with the

incrcase of number of available path. The system shows good signal strength up to

L=3.
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Figure 6.15: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different number of available path, L, in

case of Correlation receiver with bit rate R, =40Kbps and processing gain G, = 250,

at a chip rate 1024 Mchips/scc with transmitted signal power F, =1V’ and

0! =045.
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Figure 6.16 depicts the various plots of signal to interference ratio (SIR) as a function
of number of available path, L, for the bit rate, R, =80Kbps and the processing gain
G, =128 with Correlation receiver. The SIR decreases exponentially with the

mcrcase of number of available path. The system shows good signal strength up to

L=3.
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Figure 6.16: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different number of available path, L, in

case of Correlation receiver with bit rate R, =80Khps and processing gain G, =128,
at a chip rate 10.24 Mchips/sec with transmitted signal power P, =1V’ and

o’ =045,
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Figure 6.17 depicts the various plots of signal to interference ratio (SIR) as a function

of number of available path, L, for the bit rate, R, = 160Kbps and the processing gain
G, =64 with Corrclation receiver. The SIR decrcases exponentially with the increase

of number of available path. The system shows good signal strengthupto L <2.
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Figure 6.17: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different number of available path, L, in

case of Correlation receiver with bit rate 8, =160Khps and processing gain G, = 64,
at a chip rate 10.24 Mchips/sec with transmitfed signal power P, =1V’ and

¢’ =045,
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Figure 6.18 depicts the various plots of signal to interference ratio (SIR) as a function

of number of available path, L, for the bit rate, R, = 40Kbpsand the proccssing gain
G, =256 with RAKE recciver. The SIR decreases cxponentially with the increase of

number of available path. The system shows cxcellent signal strength (above 15 di3)
in all the cases.
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Figure 6.18: Plots of signal to interference ratio (SIR) versus various number of users

in a direct sequence CDMA PLC system for different number of available path, L, in
case of RAKE receiver with bit rate R, = 40Kbps and processing gain G, =256, ata

chip rate 10.24 Mchips/sec with transmitted signal power £, =1 V? and 6 =0.45.
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Figure 6.19 depicts the various plots of signal to interference ratio (SIR) as a function

of number of available path, L, for the bit rate, R, =80Kbps and the processing gain

G, =128 with RAKE receiver. The SIR decreases exponentially with the increasc of

number of available path. The system shows signal strength above 15 dB up to 15

simultancous vsers in all the cases.
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Figure 6.1 9: Plots of signal to interference ratio (SIR) versus various number of users
in'a direct sequence CDMA PLC system for different number of available path, L, in

case of RAKE receiver with bit rate R, =80Kbps and processing gain &, =128, ata

chip rate 10.24 Mchips/sec with transmitted signal power 7, =1V? and ¢ 2=045.
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Figure 6.20 depicts the various plots of signal to interference ratio (SIR) as a function
of number of available path, L, for the bit rate, R, = 160Kbps and the processing gain
G, =64 with RAKE recciver. The SIR decreases exponentially with the increase of

number of available path. The system shows signal strength ahove 10 dB up 1o 15

simultancous users in all the cascs.
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Figure 6.20: Plots of signal to interference ratio (SIR) versus various number of users
in a direct sequence CDMA PLC system for different number of available path, L, in

casc of RAKE receiver with bit ratc R, =160Kbps and processing gain G,=64,ata

chip rate 10.24 Mchips/sec with transmitted signal power 7, =1 V* and ¢* =0.45.
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Figure 6.21 depicts the comparative signal to interference -ratio (SIR) plots for
Correlation and RAKE receiver as a function of number of available path, L, for the

bit rate, R, =40Kbpsand the processing gain G, =256. We observe that using a

RAKE rcceiver the SIR of the system arc better than a Corrclation receiver. The
numbcr of available path affects the SIR of a Correlation receiver severely. The SIR

of a RAKE receiver shows a robust characteristic against multipath propagation.
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Figure 0.21: Plots of comparative signal to interference ratio (SIR) versus various
number of users in a direct sequence COMA PLC system for different numbcr of

| available path, L, in case of RAKE receiver with bit rate R, =40Kbps and

processing gain G, =256, at a chip rate 10.24 Mchips/sec with transmitted signal

power P, =1V?and c*=045.
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Figure 6.22 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, =40Kbpsand the processing gain G, =256
with Correlation receiver. The BER. increases exponentially with the increasc of

number of available path, The system shows good performance for number of

available path < 2.
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Figure 6.22: The bit error rate (BER)} performance against number of users of a direct

sequcncc'CDMA PLC system. for different number of available path, L, in case of

Correlation receiver with bit rate R, =40Khps and processing gain G, =256, at a

chip rate 10.24 Mchips/sec with transmitted signal power P, =1V?, and 6° =045,
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Figure 6.23 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, =80Kbpsand the processing gain G, =128
with Correlation receiver. The BER increases exponentially with the increase of
numbcr of available path. The system shows very poor performance for number of

available path > 2.
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Figure 6.23: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different number of available path, L, in casc of

Correlation receiver with bit rate R, =80Khps and processing gain G, =128, at a

chip rate 10.24 Mchips/sec with transmitted signal power F, =1 Vi and 62 =0.45.
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Figurc 6.24 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, =160Kbpsand the processing gain G, =04
with Correlation receiver. The BER increases exponentially with the increase of
number of available path. The system shows very poor performance for number of

available path > 1.
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Figure 6.24: The bit error rate (BER) performance against number of users of a dircct
sequence CDMA PLC system for different number of available path, L, in case of

Correlation receiver with bit rate R, =160Kbps and processing gain G, =64, at a

chip rate 10.24 Mchips/sec with transmitted signal power P, =1 V?, and ¢* =0.45.
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Figure 6.25 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, =40Kbpsand the processing gain G, =256

with RAKE receiver. The BER decreases exponentially with the increase of number

of available path. The system shows very good performance for number of available

path > 1.
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Figure 6.25: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different number of available path, 7, in case of

RAKE receiver with bit rate R, =40Kbps and processing gain G, =256, at a chip

rate 10.24 Mchips/sec with transmitted signal power £, =1V?, and 6> =0.45.



90

Figure 6.26 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, =80Kbpsand the processing gain G, =128
with RAKE receiver. The BER decreases exponentially with the increase of number
of available path. The system shows good performance for number of available path
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Figure 6.26: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC systém for different number of available path, L, in case of
RAKE receiver with bit rate R, =80Kbps and processing gain G, =128, at a chip

rate 10.24 Mchips/sec with transmitted signal power F, =1 Vi, and 6’ =045,
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Figure 6.27 depicts the various plots of bit error rate (BER) as a function of number of
available path, L, for the bit rate, R, = 160le;).9 and the processing gain G, =64
with RAKE receiver. The BER decreases exponentially with the increase of number
of available path. The system shows good performance for number of available path

> 2 with 5 simultaneous user.
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Figure 6.27: The bit error rate (BER) performance against number of users of a direct
scquence CDMA PLC system for different number of available path, L, in case of

RAKE receiver with bit rate R, =160Kbps and processing gain G, =64, at a chip

rate 10.24 Mchips/sec with transmitted signal power P, =1 V?, and 6* =0.45.



92

Figurc 6.28 depicts the comparative bit error rate (BER) plots for Correlation and
RAKE receiver as a function of number of available path, L, for the bit rate,

R, =40Kbpsand the processing gain G, =256. We observe that using a RAKE

receiver the performance of the system are better than a Correlation recciver. The
performance of a Correlation receiver degrades with number of available path, For
RAKE receiver we see that performance improves as the number of available path

increases (assuming that number of RAKE finger 2 number of available path).
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Figure 6.28: Plots of comparative bit error rate (BER) versus various number of users
in a direct sequence CDMA PLC system for different number of available path, L, in

casc of RAKE receiver with bit rate R, = 40Kbps and processing gain G, =256, ata

chip rate 10.24 Mchips/sec with transmitted signal power £, =1 V? and ¢ =0.45.
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6.4 Performance Analysis for other Frequencies

To examine performance of our system for other carrier frequencies, we choose three

different carrier frequencies: 6.144 MHz, 15.36 MHz, and 25.6 MHz.

Figure 6.29 depicts the various plots of bit error rate (BER) under different
_conditions, for the carrier frequency 6.144 MHz and the number of available path,
L =2 with RAKE receiver. The system shows better noise performance for higher

processing gain with lower bit rate.
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Figure 6.29: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different conditions, in case of RAKE receiver with

carrier frequency, f. =6.144MHz and number of available path L =2, at a chip ratc

3.072 Mchips/sec with transmitted signal power I, =1 V*,and 0% =0.45.
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Figure 6.30 depicts the various plots of bit error rate (BER) under diffcrent
conditions, for the carrier frequency 6.144 MHz and the power line noise,
N, =-90 dB with RAKE receiver. The system shows better multipath performance
for higher processing gain with fower bit rate. RAKE receiver performs better with
increment of number of available path, cven with lower processing gain and higher bit

rate,
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Figure 6.30: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different conditions, in case of RAKE receiver with

carrier frequency, f, = 6.144 MHz and power line noise, NV, =-90 dB, at a chip ralc

(4

3.072 Mchips/sec with transmitted signal power P, =1V?, and 6* =0.45.
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Figure 6.31 depicts the various plots of bit error rate (BER) under different

conditions, for the carrier frequency 15.36 MHz and the number of available patli,

L =2 with RAKE receiver. The system shows better noise performance for higher

processing gain with lower bit rate.
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Figuré 6.31: The bit error rate (BER) performance against number of users of a direct

sequence CDMA PLC system for different conditions, in case of RAKE receiver with

carrier frequency, f. =15.36 MHz and number of available path L =2, at a chip rate

¢

7.68 Mchips/sec with transmitted signal power P, =1V?,and 6* =0.45.
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Figure 6.32 depicts the various plots of bit error rate (BER) under different

conditions, for the carrier frequency 15.36 MHz and the power line noise,
N, =-90 dB with RAKE receiver. The system shows better multipath performance
for higher processing gain with lower bit rate. RAKE receiver performs better with

increment of number of available path, even with lower processing gain and higher bit

rate.
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Figure 6.32: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different conditions, in case of RAKE receiver with

carrier frequency, £, =15.36 MHz and power linc noise, N,, =-90 dB, at a chip rate

e

7.68 Mchips/sec with transmitted signal powér £, =1V?, and 6*=0.45.
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Figure 6.33 depicts the various plots of bit error rate (BER) under different
conditions, for the carrier frequency 25.6 MHz and the number of available path,

L =2 with RAKE receiver. The system shows better noise performance for higher

processing gain with lower bit rate.
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Figure 6.33: The bit error rate (BER) performance against number of users of a direct

scquence CDMA PLC system for different conditions, in case of RAKE receiver with

[

carrier frequency, f =25.6MHz and number of available path L =2, at a chip rate

12:8 Mchips/sec with transmitted signal power 2, =1V? and 6? =0.45.
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Figure 6.34 depicts the various plots of bit error rate (BER) under different
conditions, for lthe carrier frequency 25.6 MHz and the power line noise,

N -90 dB with RAKE receiver. The system shows better multipath performance

L
for higher processing gain with lower bit rate. RAKE receiver performs better with

increment of number of available path, even with lower processing gain and higher bit

rate.
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Figurce 6.34: The bit error rate (BER) performance against number of users of a direct
sequence CDMA PLC system for different conditions, in case of RAKE receiver with

carricr frequency, f, =25.6MHz and power line noise, ¥, =—-90 dB, at a chip ratc

12.8 Mchips/sec with transmitted signal power P,=1V?* and 6 =0.45.
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6.5 Validity / Comparison

The BER for a single path power lfine with AWGN was simulated in reference [42].
The BER was evaluated by using the equation described in [42] for bit rate
R, =9.6 Kbpsand chip rate 14 Kchips/sec. The validity of our derived equation 5.20b
has been -checked for bit rate R, =9.6 Kbpsand chip rate 14 Kchips/sec. Signal to

noise ratio has been taken 20 dB for both cases. Figure 6.35 shows the comparative

plots of BER versus number of simultancous users.
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Figure 6.35 Comg')arison between previously simulated results in [42] and developed

model in current work.

It has been seen that developed mode! shows higher BER than that of previously
simulated results for same number of users. Higher BER is observed for developed
model due to fading criteria and the nature of power line noise, which i1s more

realistic.
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6.6 Summary

The impacts of various parameters on direct sequence CDMA PLC system
performance are analyzed. All the performance issues are presented graphically. We

also compare the performance of Correlation receiver and RAKE receiver.

Noise power is an important factor for system design. More statistical data are
required to estimate power line noise Jevel accurately. We see that a RAKE receiver

provides better noise performance.

System performance is severely affected by the number of available-path for signal
propagation. The performance of Correlation degrades with number of available path
increases. Though the SIR of a RAKE receiver degrades with number of available

path increases, BER improves with it.

We also sce that higher processing gain with lower bit rate can provide us better

system performance.

For a small number of users, a RAKE receiver .can provide better performance with
comparatively lower processing gain and higher bit rate for more number of available

paths.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

7.1 Conclusions of this study

A theloretical analysis is provided for a Direct Sequence Code Division Multiple
Access (DS-CDMA) Power Line Communication (PLC) system with Binary Phasc
Shift Keying (BPSK) modulation scheme. We consider Correlation receiver and
RAKE receiver separately. The analysis is carried out to evaluate the effect of
frequency-selective Rayleigh fading on the PLC system performance and then the
expressions for Signal to Interference Ratio (SIR) and Bit Error Rate (BER) are

- developed.

SIR and BER are evaluated at'a chip rate of 10.24.Mchip/sec with a transmitted signal
power 1V?, for different sets of values of number of paths, power line ndise,
processing gain, bit rate and the’ numbef of users. The results show that the
performance of a direct sequence CDMA PLC system degrades due to power line
noise which is evident from both the SIR and BER analysis. In case of a Correlation
receiver noise level above ~970 dB degrades system performance severely. We obscrve
better noise performance for a RAKE receiver with power line noise level below —70
dB. The noise level above —70 dB our system gives poor performance in all the cases.
So, we should fix an average power line noise by means of statistical analysis from

sufficient data. Noise rather than lower bit rate affect higher bit rate.

It is also evident that number of available path seriously degrades the SIR and BER
- performance of our system with Correlation receiver. We can observe these effccts
from both the SIR and BER curves. Multipath exists due to impedance mismatch
within transmission medium. Correlation receiver performance degrades severely, if
there exists more than 2 path for signal propagation. RAKE receiver can cxploit

multipath phenomena of wave propagation. In our system with RAKE receiver, we
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see SIR degrades with number of available path but BER decreases with that. Direct
sequence CDMA is capable of overcoming multipath impairments by increasing the
processing gain. When we try to increase processing gain, bit rate decrease by the
éame factor because of band limitation of power line channel. So, our system has to

compromise with high-speed issue.

The main objective of any 'multiple access technique is to integrate more stmultancous
user with the system. When we try to involve more users, system performance
degrades with the number of simultancous user. More users cause more interference.
According to the plots, our system shows the best performance with a RAKE receiver

at bit rate, R, =40Kbps and processing gain,G, = 256.

Most of the previous researches plotted the BER versus SNR curves for power lines
ignoring EMC cffects. However, we have considered in our calculation the EMC
effect. They considered some arbitrary values of SNR in their plot. But the signal
power in PLC system can not be increased arbitrarily duc to EMC '(elcciromagnctic
compatibility) problem. We fixed signal power according to FCC regulations for
current carricr systems and assume the noise level separately in our analysis. This
approéch is more realistic. We have plotted curves of SIR versus number of
simultancous users and BER versus number of simultaneous user in order to focus
multiple éccessibility of the system. We considered the Correlation and RAKE
receiver to point out the effect of frequency selective fading criteria of power line
channcl. Moreover, we considered all types of power Jine noises in our analysis. Thus,
we can say that a full-featured analysis of DS-CDMA PLC system has becn presented
here. The analytic[al model developed here can be used for softwarc simulation and:
system design of DS-CDMA based power linc communication systems, such as
automatic meter reading, home automation, industrial control, power linc carrier

telephony, etc.

We also observe the comparison between the performance of Correlation and RAKE
receiver over power line channel. A RAKE receiver provides better performance than

a Correlation receiver.
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At the last portion of our analysis, three different carrier frequencies are considered. It
has been observed that system performance has no direct relationship with carrier
frequency.” System performance varies with combination of processing gain and bit

rate. Bit rate depends on carrier frequency.

A RAKE receiver performs well with more number of available paths. In some cascs,
it shows better performance under comparatively lower processing gain and higher bit

rate due to more number of available paths.

PLC with DS-CDMA is found to be a promising option for future telecommunication

ina LAN and MAN.
7.2 Suggestions for future work

Future research in this area can be carried out to deploy the spread spectrum
techniques with higher spectral efficiency so that we can meet the challenge of high-

speed data communication.

Further research in this area can also be carried out to investigate the system

performance for FH CDMA on PLC.

Further research related work can be carried out to reduce the effect of multiple access
interference (MAI), which will increase the number of simultaneous users by

deploying Gold sequence and Goley sequence.

Further works of importance are to determine the impact of modulation schemes for

DS-CDMA over power line channel such as DPSK, DQPSK etc.

v

Leakage of signal iJower for extremely short duration or PCM pulses may be a subject

of considerable rescarch in future.
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