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ABSTRACT

Power-line network is proposed as an infrastructure for Information and Communications Technologies (ICTs)
services provision. However, there are a number of factors that contribute greatly to power-line communication
performance degradation. These include number of branches that can be added or removed from the power-
line network, lengths of the branch lines, loading etc. It has been pointed out that the number of branches
is one of the factors that affects power-line performance to a certain extent. In this paper the influence of
number of branches on the performance of Broadband Power-line communication (BPLC) that uses MC-
CDMA modulation scheme with Reed Solomon coding is investigated. It is shown that with substantial number
of branches at a particular node in power-line a performance BER of 10-6 at SNR of about 25dB with channel

capacity of 300Mb/s can be attained

Key words: Power-line broadband application, MC-CDMA performance model, Reed Solomon coding,

Probability of symbol error and Channel capacity.

INTRODUCTION

BROADBAND  capacity  requirements  for
telecommunication services are still a challenge.
Although there are better technologies in use but
are still offered at high cost that is not affordable in
developing countries. Such technologies are wireless
technology (WT), optic fiber technology, Very Small
Aperture Terminal (VSAT) etc. Other alternatives
have been proposed that could offer cheaper
communications to rural areas, one of such areas of
opportunity is the power-line network. Power-line is
a network for electrical power distribution in cities,
town and villages (Pansini, 2005). The system is not
intended for high speed signal transmission as there
are substantial noise effects caused by the nature of
the operations of the power-line systems (Dostert,
1997). Such noises include Rayleigh fading from
multipaths effects, impulsive noise, background
noise, and Gaussian white/colored noise (Meng and
Vinck, 2007). Investigation of better modulation
scheme to be used on power-line communication is
considered among important things to mitigate noise

(Vinck and Haring, 2000; Benyoucef, 2003; Giovaneli
et al, 2003; Oshinomi et al, 2003; Cuncic and Bazant,
2003; Amirshash and Kavehrad, 2006; Guerrieri
et al, 2007). The use of multicarrier modulation
schemes have shown good performance (Zhang and
Cheng, 2004). One of the multicarrier schemes being
applied is Orthogonal Frequency Division Multiplex
(OFDM). Although OFDM offers attractive
performances it has proved not to sustain the noise
levels in power-line network and therefore there are
still demands to improve the use of OFDM to form
a more appropriate modulation scheme in power-
line. In order to improve performance a combination
of OFDM with Direct-Sequence Code Division
Multiple Access (DS-CDMA) to form Multi-Carrier
Code Division Multiple Access (MC-CDMA) was
suggested (Yee and Fettweis, 1993; Fazel and Papke,
1993). With MC-CDMA signals were modulated
through different conventional (M-PSK) modulations
and performance of each measured. It was observed
that optimum performance was attained using MC-
CDMA (DQPSK). Reed Solomon (RS) is considered
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to be a powerful coding scheme suitable to combat
burst errors as available in power-line network. In
that the case RS codes are suggested to be applied
with MC-CDMA for better performance in power-
line network.

The number of branches in power-line is one of
the factors contributing to poor PLC performance
(Anatory et al, 2006, Anatory et al, 2007(a); Anatory
et al, 2007(b)). Preliminary work included testing
several modulation and coding schemes to evaluate
their performance in power-line network. Such
modulations were on M-PSK series ((BPSK, QPSK(4-
PSK or 4-QAM), 8-PSK, 16-PSK and 64-PSK)) in
which results reveals that MC-CDMA using QPSK
modulations scheme is robust enough and sufficient
to mitigate noise in PLC. The identified modulation
scheme was also applied with different coding
schemes (Generic linear codes, Cyclic codes, BCH
codes, Hamming codes and Reed solomon codes). It
was found out that MC-CDMA with Reed Solomon
offers performance close to theoretical estimates and
is less affected by the change of number of branches.
The aim of the study is to evaluate performance of
multi-carrier modulation techniques and identify the
one appropriate for broadband provision in Tanzania
power-line networks which can achieve Bit Error
Rate (BER) 10-6 for lengths greater than 250m at
Signal to Noise Ratio (SNR) not exceeding 25dB. To
show suitability of MC-CDMA and Reed Solomon
coding in power-line networks for sustainable
broadband applications.

MATHEMATICAL MODEL FOR MC-CDMA
(DQPSK)

Generally for multicarrier OFDM modulation the
general symbol error equation is derived from the bit
energy per noise ratio given by (1). The parameter 7',
T, nEC, nFFT, E/N, and E/N,, is actual duration of
the valued information, Guard interval time, Number
of effective carriers, Number of FFT points bit and
symbol energy to noise ratio respectively.

5

E, _E, (nECY( T,
N, N, WFFT){T, +T,

For normal QPSK modulation schemes the symbol
error rate is given by (2) (Proakis, 1995; Proakis et
al, 2003). The approximate probability of bit error

()]

for DBPSK is given by (3).
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@20 W, ] )
B=2a M (3)
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Since for QPSK and BPSK they have similar single
state bit changes (difference between symbol to
symbol in the constellations is one bit) therefore the
probability of bit error for DQPSK is given by

Bi= %e*’f“ Mo likewise the probability of symbol

—E, I N,

1
error is given by P =Ee substituting the

above equation for a carrier within multicarrier
application the bit error probability is given as (4).

7= % e‘ii for)(rﬁrg] (4)

Under multicarrier scheme with N number of carriers
the general average probability of errors is given by

, E, (nEC\( I,
=N err e
— o dTg
B
=0
When background noise and interference signal are

taken into consideration the general equation can be

®

v E, nEC) 7 J
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Where; N, =N, +P, Nbis the background noise
power and P, is the interference signal power given
by (7). Where parameter A. is the interfering signal
amplitude and W is the PN sequence bandwidth
(Proakis et al, 2003). Application of DS-CDMA
provides a tendency of spreading/dispreading
the signals by a factor L_given by (8). Where the
parameter R is the information rate and W is the
PN code rate. However, the probability of errors
for dispread signal and non-dispread signals under
QPSK is the same given as equation (2) and (3) .
DS-CDMA has an advantage over other modulation
methods against interfering signals which also occur
in power-line network as they tend to dispread
the interfering signals by factor equal to the PN
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bandwidth (W) (Proakis et al, 2003). Therefore with
dispreaded interfering signal the power spectral
density J, is given by (9).

A?
=7 7
L =W/R (®)

A?
Jy=— (C))

¢ oow

For DS-CDMA with the noise level classified into
two levels i.e. background noise Nb and interference
noise power spectral density JO, the general BER
equation for DS-CDMA on QPSK modulations is
given by (10).

P _ 1e—E,,/(N,,+JU) (10)

h(DS-CDMA) — b

For series of interfering signals with different
Amplitudes, JO can be expressed as (11).

l oo
J,=—@ 4> 11
20 i

The general equaf(').zn can then be expressed as (12).
If the background noise is disregarded (assuming J,
>>N ) then the DS-CDMA provides an improvement
on the signal of factor (.)W. For multicarrier case the
probability of an error can be expressed as (13).

‘l o=
1 —Ey/(Ny+——s 47)
— 2W
By ps—coma = Ee ‘ 12)

b= (13)

Equation (13) represents Multicarrier Probability
Density Function (PDF) based on Additive White
Gaussian Noise (AWGN) and interfering signals
in power-line channel using multicarrier CDMA
scheme. Since power-line has impulsive and
multipath fading, a modified PDF needs to be
formulated that will represent probability of errors
based on impulsive noise, Rayleigh fading together
with AGWN

PLC NOISE MODEL UNDER IMPULSE AND
RAYLAIGH FADING

Power-line noise as mentioned are also dominated
by impulsive noise and background noises involving
multipaths with Rayleigh fading due to impedance
mismatchand multi-conductorlines. The phenomenon
of this forms i.i.d complex noise elements that are
circularly symmetrical denoted as z. The z can be
expressed as (x+jy) in complex forms. x and y are
the in-phase and out of phase wise components

z=(x+jy), Z=[x+]y] (14

From different researchers the power-line
impulsive noise is modeled as Middleton’s class
A noise (Giovanel et al, 2002), (Anatory, 2009).
Middleton’s class A noise model is the appropriate
model presenting noise channel from a channel with
impulsive noise and multipaths on Rayleigh fading
including components of AWGN like in power-line
channel. Using Middleton class A model the PDF
P (z) can be given as in equations (15-17).

oo av z2
GE)=e =™ EZGJ (15)
a A
a,=e’ - (16)
i (17)
2egr 4L

Where; A(Impulsive index): is the product of the
average rate of the impulse and the mean duration
of the impulses. v is the number of impulsive noises
sources, I is the Gauss Impulsive power Ratio (GIR)
which represents the ratio between the variance of

the Gaussian noise component O.é and the variance

of the impulsive component o‘f As measured from

experiments, at an impulse rate of 1/0.1s and

mean duration of 14s, A=10_5. As A becomes
smaller the process become Gaussian. For impulse
mean duration of 100#s, A = 10" which represent
a moderate impulsive channel.

Under severe power-line conditions, impulse rate is
about 100/s while their durations are about Ims. This
means A=0.1 which is considered as impulsive index
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at worst case power-line scenario. The combined
variance of the noise is generally given by (18). Under
a single carrier scheme the general probability of bit
error is given by (19). For multicarrier application,
the general probability of error can be given by

E% }e G :A—m +1') (18)

P =-e % 5 exp zz
_027r0' 20' (19)

i=N—-1 e

P=— e @ ——exp z’
N2 e 202 (20)

PERFORMANCE OF MC-CDMA WITH REED
SOLOMON CODING

The general PDF of power-line channel comprising
AGWN, impulsive and Rayleigh fading is achieved.
Next we proceed to construct a general PDF that
incorporates the capability of the Reed Solomon
coding in overcoming burst error and lowering the
probability of an error occurring. Generally coding
has an advantage of lowering the chance of an error
from occurring and thus providing power gain over
the transmission signals. It is generally known that
Reed Solomon is a powerful coding scheme capable
of overcoming burst errors in a noisy transmission
channel and offers larger power gain. Just as recap,
Reed Solomon codes have error correcting

n—k
2

capability of ¢ defined as 7= ; Where # is the
total number of sub-blocks in the codeword block
(Codeword length) and k is the number of sub-blocks
in the information message to be coded (message

length). n can be expressed as n=2" -1 where

m is the size of bits of the individual symbol sub-
blocks.

For a given channel with bit error probability P and
with Reed Solomon codeword length n of m size
sub-blocks that has t error correcting capability, the

With the general symbol error probability equation
for multicarrier given by;

z’ then the
~exp -— | °
= Ezo'f

general equation for multicarrier with Reed Solomon
coding can be represented as (22).

ll-Nlm

N g w0 271'

P=

15X S g IS
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As stated z represent modulus of independent
identically distributed values in complex domain
denoted as,

=./x? +y® where z=x*+)?

An equivalent signal in OFDM (Proakis et al, 2003)
can be expressed as in (23).

N-1
v(t) =9 Xke.ilnicf/r, , (23)

k=0

Where X, represent the magnitude of the transmitted
signal. The signal to noise ratio is given by (24),

E
Eb/No(dB)=1010gN (24)

The parameter E represents the total bit’s energy
across the spectrum and N the total noise energy
across the spectrum.

Eo X ; and N o< 22 ,thereforeitcanberepresented

as follows.

2 2
B =£= 10%15/ Mo — 22 :L
N 2z 10%1E: /N ’

(25)

In terms of the energy to noise ratio ( E, /N,
) dB the probability of error for a multicarrier
with RS codes can be expressed as (26),

final deduced probability of error on applications of  \here X, is the bits magnitude in Volts.
Reed Solomon codes on such particular channel can
be given as (21) (Sklar, 2008).
1 271 =2 S
Py = i 1-pPy
RS Zm—l:,ﬂj ) ( ) Q@
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Considering MC-CDMA where DS-CDMA takes
effect, the general equation is given as

Figure 1 shows the performance comparison curves
of the derived model and the actual simulations taken
through PLC. It can be noted that the derived model
match close to the actual simulation taken over
power-line.

Flng of SNR vs BER for MC-CDMA with Reed Solomon coding compaiing Deiived Model and Practical Simulation
10

| ~+ Practical Simuation
- Deived Model(Theory) |

BER

SNR

Figure 1: Comparison between Derived Model
and Actual

Simulated curve on MC-CDMA using Reed
Solomon coding in Power-line

PLC CHANNEL SIMULATIONS

Power-line channel has been a challenge to model
due to the system uncertainties. Several channel
models for power-line system have been devised
but yet the majority of them do not meet the correct
estimates of signal transfer in power-line systems.
Channel model devised by (Anatory et al, 2004) seen
to be close to practical results and has been used in
this work in determining the characteristic of signal
flow in power-line.

Performances on power-line channel with different
number of branches have been simulated where the
simulation is taken according to configuration shown
on fig 2. The branched load (load2) is terminated
in 500hm load and the branching load (load3)
terminated into characteristic impedance of the line.
In each case one branch was added to observe its
effect on a specific modulation performance in this
case MC-CDMA. The length from the source to
the load terminals (1000m) was held constant not
to affect significantly the attenuation levels. The
simulation was carried out with 1 branch, 2 branches,
3 branches, 4 branches, and 5 branches. Medium
Power-line channel model (Channel with multi-
path) generated by (Anatory et al, 2004) is given by
equations (28-30), is used for the simulation work in
this paper.

Hy (N=T® ® T, H, ()  (28)

d=1 M= n=]

_ pM- M1y, (2(M-1)L,)
O = PLn P € (29)
P —|Ps  n=l(source) 30
Ln Prny Otherwise ( )

The parameter N7 is the total number of branches
connected at arbitrary node “d” and terminated to
any arbitrary load, n is number of branches, m is
any referenced terminated load, M is number of
reflections (with total number of reflections = L),

H 1 (f) is transfer function between line n to a

referenced load m, T 4, is transmission factor at the

referenced load m respectively. @mn g the signal
contribution factor between load m and branch n.
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’n s the propagation constant of the branch n. / is
the length of branch n. P, is the terminal reflection
factor for branch n. p_, p, =~ are the source and branch

Table 1: Table of results for multipaths effects on
branch

reflection factors respectively. For signal propagation Nfumber Multipath Pelay dTOltal
ol : : . () 1imes cla
inside the Power-line at particular segment m; branches ) TimZ )
7 1 0.50 0.25|3.34 3.40|0.12
V= Ha(£)* %} (31 0.08 3.46
b 2 036 0.34|3.34 341 |2.18
0.01  0.05]3.48 3.55
The parameter V, is the measured final signal- 88; 00301 2?? 535629
voltage at end of respective segment. H (f) is the s o
. . " 3 0.25 033|334 340|342
respective transfer function of the referred segment. 013 0.07 | 3.46 3.52
Z_is source characteristic impedance 0.01  0.05!3.58 5.00
0.008 0.01 | 5.06 6.70
Z,  is the line characteristic impedance of the 0.01 6.76
respective segment and V_is the source voltage. The 4 0.18 0.30 | 3.34 3.40 | 4.07
. ’ . 0.22  0.04 | 3.46 3.52
multipaths recorded were generated under analytical 002 001|358 3.64
methods from the channel model as detailed above. 0.07 0012 |4.70 476
The used number of branches, multipaths and their 0.03 002|482 4.88
delay times for the simulation are as tabulated in 0.01  0.02|6.02 6.08
table 1. Simulation was carried out to determine 0.004 0.003 | 6.14 6.20
the effect on the performance for different number 0.0030.004 | 7.357.41
of branches as added to a specific node as shown in > 0.125° 02413.35 3.41 ) 4.50
) ; ; . 0.27 0.025|3.47 3.53
fig.2. Simulation results for the multipaths recorded 0.01  0.07!3.59 4.45
are shown on figs. 3-7. 0.125 0.05 | 4.51 4.57
0.005 0.02 | 4.63 5.55
0.04  0.01|5.61 5.67
0.010.001 | 6.757.85
Interconnection
/ node
L L, L,
(:, Shures [J Load, [] Load;
Figure 2: Simple medium power-line network
with one interconnection branch
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Nomalized magritude of multipath

L L
33 335 3.4 345 35 355 36
Delay time x 10(-6)s

Figure 3: Multipath for PLC with one branch interconnection
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Figure 4: Multipath for PLC with two branches interconnections
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Figure 5: Multipath for PLC with 3 branches interconnections
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Figure 6: Multipath for PL.C with 4 branches interconnections
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Figure 7: Multipath for PLC with 5 branches interconnections
PERFORMANCE EVALUATION

The results showing performances of MC-CDMA with Reed Solomon coding as affected by number of
branches in power-line network is shown on fig. 8. A comparison of different coding schemes using MC-
CDMA was done and the results are shown on fig. 9.

o° Plot of SMNR v BER for MC-CDMA with Reed Solomon coding
1 .

Figure 8: Simulation results for MC-CDMA applying Reed Solomon codes on medium Power-line
network with varying the number of branches (Using analytical and Monte Carlo method)
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Plot of SNR vs BER for MC-CDMA comparing different types of coding

T T

—- MC-CDMA(Linear Codes)-Zcohms

_A_ MC-CDMA(Cydlic Codes)-Zcohms

—z MC-CDMA(BCH Codes)-Zcohms
MC-CDMA(Hamming codes)-Zcohms

—& MC-CDMA(Reed Solomon Codes)-Zcohms ||

BER
/

\ \ "\
10* : .\ \\\. | \t\ !
4 8 10 12

SNR

Figure 9: Performance comparisons of different coding schemes applied in power-line

CHANNEL CAPACITY

Channel capacity is explained under Claude Shannon
rule as the measure of the upper bound of information
flow in a channel medium such that information
flow below the limit makes it possible to control
the data to have minimal error or nearly zero error
at the receiver. The converse is also true such that
information flow above the upper bound point of
the channel may lead to uncontrollable error rate or
complete loss of the information. The equation for
channel capacity from Claude Shannon rule is given
in equation 32.

C= 15’log2 (1+%) [Mb/s], (32)

CENELEC standards on power communications
(1MHz-30MHz). Different channel capacities are
evaluated based on the equation and tabulated in
Table 2, The tabulated capacities are achieved based
on following steps.

SNR(dB) = 10loglO(P/N), where P = the signal
power and N = Noise power over the spectrum.

Therefore P/N = antlog (SNR/10) = 105"¥1° Channel
Capacity become,

=Blog2(1+10°"¥1%) = 3.322Blog(1+10°*%°) where
B =20MHz.

For channel bandwidth of 20Mhz at SNR of 25dB
the channel capacity is,

Where S represents the signal power in Watts, Nthe ~C = 3.322Blog(1+10*") 161.2Mb/s.
noise power in watts taken differently while B stands

for the bandwidth of the signal via the medium. The

bandwidth applied was 20MHz this is according to
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Deriving SNR from above equation we get,

¢ *10=3.01£
22B B

SNR=

C=0.3322*B*SNR

At bandwidth of 20MHz to reach channel capacity
C=300Mb/s, SNR needs to be 46.6dB.

It has been observed that at optimum transmit power
that will provide SNR of 25dB, the maximum channel

capacity attained is 161.2Mb/s, additional gain of SNR
can be used to provide additional channel capacity.
Application of MC-CDMA and coding provides
power ratio gain (this case SNR) that can be utilized
to arrive at higher capacity. Any gain from 25dB can
be used to calculate capacity that can be added to
161.2Mb/s. Table 2 shows additional SNR gained on
applying MC-CDMA with different coding schemes
and each gain of SNR obtained is used to calculate
the additional capacity of the channel at 25dB.

Table 2: Different coding performance using MC-CDMA for Power-line communications

Coding type SNR (dB) |[Regained SNR (dB) | Regained Channel Capacity | Max. capacity at SNR of
from 25dB (Mb/s) 25dB (Mb/s)
No coding 11.5 13.5 89.69 250.89
Generic linear code 11.0 14 93.02 254.22
4.2
Cyclic codes (7,4) 9.0 16 106.30 267.5
BCH codes (7,3) 8.0 17 112.95 274.15
Hamming codes (7,4) | 7.0 18 119.59 280.79
Reed solomon codes 42 20.8 138.20 299.40
(1.3)
CONCLUSION noise. MC-CDMA takes advantage of OFDM and

According to performance observed above it shows
that the performance of modulations is highly
affected by number of branches in a power-line
node. It can be observed that for every addition of a
branch around 2dB is required to maintain the same
performance. From the obtained results it is observed
that addition of up to 5 branches may results in to
loss of 5-8dB if the same performance is maintained.
The measurements were made up to addition of 5
branches at a single node. However, as the number
of branches increases the multipaths increases i.e.
the nth order (n approaching infinity). At optimum
number of IFFT points the MC-CDMA modulations
can still be sufficient to overcome the significant
parts of the multipath streams.

In a simulation of up to 5 branches a performance
BER of 10-6 was achieved using MC-CDMA
(DQPSK) with RSC. MC-CDMA proves to be
the next generation of modulation on power-line
communications due to its capability in combating

DS-CDMA together to form a super multicarrier
modulation scheme over PLC. It can also be observed
that Reed Solomon coding provides a powerful tool
that can mitigate the power-line noise when applied
with MC-CDMA. With larger margin of gain over
other coding scheme applied with MC-CDMA it
can achieve a transmit rate close to 300Mb/s at SNR
level of about 25dB. This proves that despite worst
characteristics power-line has RS codes and MC-
CDMA stands as powerful coding and modulation
schemes that can mitigate power-line noise and
provides sufficient rate for broadband applications.
This concludes that MC-CDMA when applied with
Reed Solomon codes can substantially offer good
quality of data communication over power-line.
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