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This paper deals with the development of a realistic power line channel simulator wherein power
line communication devices can be tested before implementation to meet the massive need of
data transfer. The statistics of the noise follow the experimentally observed in different sites,
namely the time-varying non-white power spectral densities (PSDs) of the background noise
and a target non Gaussian amplitude distribution. The procedure based on the inverse cumu-
lative distribution function method of generation of random numbers and iteratively updating a
target spectrum necessitates knowledge of a maximum of 17 parameters for successful imple-
mentation and has been validated for three sites in the low-frequency (<500kHz) and high-
frequency (1-30 MHz) bands. The average percentage errors in prediction of the mean of the
channel capacity (CC) are 12.68% and 10.66% in the two bands, respectively. The minimum
correlations of the distribution of BER of OFDM in a channel corrupted by the simulated and
observed noises are is 0.883 and 0.801 in the two bands which are high compared to 0.422 and
0.355, respectively, when the requirement of a target amplitude distribution is neglected. With
low-frequency noise emulated by a data acquisition card, an average percentage error of 11.82%
in the CC and a correlation of 0.867 (against 0.498) in BER are obtained. The noise thus
generated can be used as a testbed for system testing, instead of the conventional static models
(additive white Gaussian noise or with time-invariant colored PSD), leading to better optimi-
zation of the implemented devices.

Keywords: Power line communication; colored background noise; noise simulation; probability
distribution; power spectral density; channel capacity.
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1. Introduction

One of the preliminary requirements of implementing a communication system is
developing a channel simulator where it can be tested. An efficient simulator takes
into account all the variability to replicate closely the observed. This is more so for
power line communication (PLC) that uses the available power line (PL) for data
transfer. The PLC can be used exclusively or as component of a hybrid communi-
cation system,’® in a wide range of low and high bit rate requirements in control, in-
house and access applications like home/office/vehicle automation, smart grids,
remote metering,’? etc. Local area networks constituted of this readily available
infrastructure can be a cost-effective solution to meet the last mile and last inch
challenges of communication. The available PLC system operates in two ranges of
frequencies: narrowband PLC (NBPLC) and broadband PLC (BPLC). NBPLC uses
the 3-148.5 kHz band governed by CENELAC EN50065 standards in Europe and up
to ~500kHz by FCC and ARIB in USA and Asia, respectively, catering to low data
rate requirements.’ BPLC uses the (1, 30) MHz band to achieve higher data rates.

As any other communication devices, PLC modems need to be optimized
in efficient channel simulators or emulators before deployment. These must be able
to replicate the channel as close to reality otherwise would adversely affect the
performance of systems in the field. This requires extensive study and modeling
of the PL characterized by time, frequency and position dependencies and con-
sidered a “horrible”® channel for communication. The channel often shows
“contradictory” results’ and cannot be represented by models common to other
wired or wireless counterparts. The unambiguous nature of the PL, however,
undermines all and motivates modeling of the channel that incorporates every
finer details of interest.

A distinctive feature of the PL channel is the noise known to be nonadditive white
Gaussian noise (AWGN).% Zimmermann and Dostert® classified this as a summation
of five components depending on their origin, intensity and duration of occurrences;
namely colored background noise (CBGN), narrow-band interference (NBI) and
three classes of impulsive noise. The CBGN is the part that is always present and
varies slowly, remaining constant for minutes and hours caused by summing noises
due to many sources, and has a low power spectral density (PSD). The NBIs caused
by radio transmitters are also termed as the “narrow-band disturbers” and together
with the CBGN constitute the total background noise. The impulsive noises increase
the noise levels to much higher levels and are usually of three types: periodic and
synchronous or asynchronous with the mains cycle and nonperiodic sporadic (ran-
dom) in nature. The noise is dependent on the venue and time”'" that makes it
difficult to be fitted by generalized models. Simulation of noise should take into
account the salient features of each of the components to present a realistic envi-
ronment wherein devices can be optimized for achieving performance even while in
the field.
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Many methods are used to capture the features of PL noise to regenerate when
required. In general, the modeling approach can be divided into two domains: time-

1 The frequency-domain approach is

domain and frequency-domain approaches.
used for the CBGN and both approaches in the analysis of impulsive noise. Some of
the methods are the Middleton’s model,'*** noisy load affected by the frequency
response of the channel,'"'*!> Markov models for correlating the time variance with
loads,"” filtering white noise through linear filters with predetermined constant
multipliers'® and lastly the Zimmermann technique.!”!® In the first method, the total
noise is categorized by background and impulsive noises depicted by the impulse
indexes A and the background-to-impulsive power ratio I'. As the method was
originally developed to model man-made interferences, it is still inconclusive whether
the same can be applied to PL impulses.'® The second and the third methods require
knowledge of the channel to be known a priori'® ' which is a practical impossibility.
The fourth one needs knowledge of large numbers of multipliers. The Zimmermann
technique involves adding the individual components of noise constituting it by
empirical models. Accordingly, the mean PSD of CBGN is modeled using a function
that decreases with frequency,'” the impulsive noise by random numbers to select the
inter-arrival time and the impulse length following a known statistic,'” the NBI uses
distribution functions for different parameters'® and the synchronous noise by the
cyclo-stationary noise model.'®?° The advantage of this technique is that every
component of noise can be modeled carefully to create a practical channel environ-
ment. The success, however, lies in the in-depth analysis of every component, and
representation by accurate models.

Though much work has been done on other types of noise, the study, modeling
and simulation of the CBGN are neglected and most works are satisfied with the
static models (AWGN or time-invariant colored PSD models).'""'” Serial numbers
(1)—(v) in Table 1 generalize some of the models found in the literature. However, it is
known that the PSD is not static and usually varies between the worst- and best-case
scenarios. The amplitude distribution (AD) is not Gaussian® as assumed by most
simulations. The CBGN is also dependent on venues, and a single-frequency model
cannot be used around the globe for representation.” In Ref. 7, the impact of the
models on the channel capacity (CC) has been analyzed for more than 23 different
settings or sites reported in the literature. Simulations show that a slight change in
the order of few dB can lead to a huge change in CC in tens of Mbps. The error is so
huge that in BPL, an AWGN approximation would give a better estimation of the
channel performance. A successful simulation should therefore be able to incorporate
as much as the observed so that the devices under test are subject to realistic channel
environment for optimization. This includes replicating the statistical features like
the time-varying PSD with the observed amplitude distribution specific to different
sites and venues.'® Moreover, it should be possible to emulate the simulated noise in
hardware so that the implemented devices are optimized in a real channel environ-
ment before placing in the field. However, an extensive literature review shows that
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no such testbeds are available till date and very less work has been done on
hardware emulators of CBGN. This paper provides a method where the two
requirements of obtaining a time-varying PSD with a non-Gaussian probability
distribution (PD) mandated by the experimentally observed at any sites are sat-
isfied within a limit of error. The experimentally observed statistics are termed as
the target PSD with a time-varying feature and target PD of the noise samples. The
entire work is divided into four parts: experimental, analysis, simulation and
testing (Fig. 1). For this, the indoor PL noise in three sites is captured, and modeled
to represent the statistical nature. The same is simulated and also emulated using
a data acquisition card (DAQ). The efficiency of the method is found out by
comparing the CC and bit error rate (BER) of orthogonal frequency-division
multiplexing (OFDM) system of channels corrupted by the simulated and experi-
mentally observed noises. Both the NBPLC (FCC band) and BPLC bands
are considered for analysis, referred to here as the low-frequency band (LFB) and

Experimental Analysis Simulation/Emulation
| " LFB -
PC Controlled i 1| MNoise Bank & Simulation ) DSO
= DSO N Statistical |
£ : Analysis ns
= H na '\3|3 E
g Z
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Fig. 1. The block diagram of the methodology used. Here, n” = captured noise, n, =simulated noise,
DSO = digital storage oscilloscope, DAQ = data acquisition card, LFB =low-frequency band, CC = channel
capacity and BER =bit error rate of OFDMA; subscripts E = experimental noise, S = simulated noise and
DAQ = noise from data acquisition card.
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high-frequency band (HFB), respectively. This method can be incorporated for
site-specific CBGN regeneration using Zimmermann technique to get a more re-
alistic channel for system testing and optimization.

The paper is organized as follows: Section 2 gives a literature review of the
available schemes for the CBGN modeling and simulation. Section 3 gives the the-
oretical methods and tools used for the simulation. Section 4 describes the experi-
mental arrangement for the noise data acquisition and analysis. In Sec. 5, the results
are used to simulate noise having the target statistics and the efficiency is estimated.
This is followed by a discussion on the results in Sec. 6 and the conclusion of the work
in Sec. 7.

2. Literature Review of CBGN Models and Simulation Techniques

Modeling and simulation methodologies opted for the CBGN vary. A comparison of
available techniques and hardware emulation is tabulated in serial numbers (i)—(xii)
of Table 1.

2.1. Frequency-domain models of the CBGN

The PSD of CBGN decreases with frequency and can be modeled empirically using
suitable fits. Serial numbers (i)—(v) in Table 1 give some of the models found in the
literature. The model in (i) summarizes the findings of a number of papers where
Nyr is the spectral lat AWGN/PSD, and n; and n, are the coefficients having
different values in different observation sites. In (ii), a similar model is obtained
after eliminating the NBIs. Here, N is the constant noise power density and N; and
f1 are the parameters of the exponential function. In (iii), a, b and ¢ are constants
depending on the location of measurement. According to (iv), the noise can be
modeled as a function of four parameters a, b, ¢ and d. In (v), this has been applied
to LFB and HFB as well. Both the lower- and higher-frequency regions of the band
of interest decrease with frequency as reflected in the constants (a,b) and (c,d),
respectively. In these models, the PSD varies between the best and worst cases
which give the lower and upper bounds of CC. Except in (ii) and (v), the time
variations have been neglected providing an incomplete representation of the
actual noise scenario.

2.2. Simulation techniques of CBGN

Simulation of CBGN is usually based on regenerating noise with the required
PSD. Depending on the methodology opted, these are broadly divided here into two
categories: the statistical analysis method (SAM) and the spectrum fitting method
(SFM). SAM takes into account the statistical fluctuations at every frequency of the
PSD and SFM generates noise with the required PSD. Hardware emulators are also
opted to regenerate the noise.
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2.2.1. The statistical analysis method

In this method, the statistical characteristics of the target PSD are captured by
calculating the noise density spectrum (NDS) at every frequency interval using a
suitable probability distribution function (PDF).*'"?!"2% Serial numbers (vi)—(xi) in
Table 1 give such an analysis. Some PDFs are Gaussian, Nakagami-m, Rician, “sum
of two Rayleigh distributions”, log-normal, etc. In the backward simulation, random
numbers at every frequency interval are generated to synthesize back the net noise
voltages.” It has been found for Nakagami-m model'! that multicarrier modulation
scheme like OFDM is independent of the type of PDF at each frequency and shows
the same results as those in AWGN. But single-carrier modulations like FSK and
PSK degrade for these type of channel noise, especially m < 1. This is because of the
fast Fourier transform (FFT) operation at the OFDM receiver that randomizes the
PL noise resulting in Gaussian axis PDF or the PDF of the noise in the real and
imaginary axes.'!

The SAM is able to model and replicate the time-varying nature of the observed
noise and the PD of NDS at every frequency. However, the disadvantage of this
method is that a number of parameters at every frequency interval are needed to be
stored for regeneration. Also, it has not been analyzed if the requirement of the target
PD of the noise voltage is obtained.

2.2.2. The spectrum fitting method

In this method, white noise is passed through a suitable filter, the transfer function of
which is calculated from the trend of the average PSD of the captured noise'!'?* or
with the best- and worst-case scenarios.!” The frequency-domain models given in
serial numbers (i)—(vi) of Table 1 can be used as filters for SFM simulations. This
method is capable of generating noise with a required PSD which is static in form and
the time variation is neglected. Though (ii) and (v) have captured the variation in
terms of the distribution fits of the parameters, this has not been utilized to simulate
the noise.

The SFM is comparatively simpler than the SAM, but has two major drawbacks.
First, the generated noise does not take into account the variation of the target PSD,
and so is the conventional method. As the parameters of the filter are always fixed,
this can be termed as the fized filter configuration (FFC) method. However, it has
been noted earlier that a slight change of the PSD in the order of few dB can lead to a
huge change in the CC of tens of Mbps.” This requires a method where the variation
can be taken into account. Second, the necessity of a target PD of the noise voltages
is undermined and the generated noise mostly has a Gaussian or normal probability
distribution (NPD). During simulation, even if the noise voltage is initially consid-
ered to belong to a target PD, it is no longer so after passing through the filter. As
methods to generate noise having a target colored PSD and target PD are lacking,
many have settled with AWGN as the CBGN generator.””?> Gaussian noise on the
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other hand has the maximum entropy and gives the worst condition of the channel
noise. However, communication systems working in non-Gaussian noise can achieve
better performance if designed to adapt to the noise statistics.’ Adequate methods
are therefore required to satisfy the dual requirement simultaneously.

2.3. Hardware emulators for power line noise

For a complete simulation package, it is also necessary to develop, test platforms for
system testing. A field programmable gate array (FPGA)?" can be used where the
CBGN is produced by passing a pseudo-random sequence through a low-pass filter
implemented in a direct-type structure. However, the time variations of the PSD and
required target PD are not obtained.

In this paper, two methods are proposed that modify the FFC to incorporate the
statistical properties of CBGN with lesser number of parameters. The first is the
varying filter configuration (VFC), which takes into account the time-varying
PSD. The second is the varying filter configuration with target probability distribution
(VFC-PD) that additionally achieves the target PD. The parameters of the targets
are obtained from the analysis of experimental readings. Simulations are also done
considering the FFC. The noise generated by the two techniques is also emulated
using a DAQ. A comparison of these techniques with earlier works is also shown in
Table 1 and remarks the contributions of this paper.

3. Theoretical Basis of Noise Simulation and Emulation

The regeneration of PL noise is based on two mathematical tools namely the inverse
cumulative distribution (ICDF) method of generation of random numbers and an
iterative method of getting a target PSD of noise samples from a target PD.

3.1. Random number generation by ICDF function

The ICDF method is also termed as the inverse transform sampling and is the
basic technique for generation of random numbers from any PD. In this method, if
w is a uniform random number in the range [0, 1], then the ICDF of the required
distribution applied to w will give the random numbers v, having the expected
distribution. Thus, if F' is the cumulative distribution function (CDF) of the re-
quired distribution, then v = F~!(u) generates the necessary samples satisfying
this.

3.2. Iterative technique for getting a target PD with a target PSD

This technique operates on a Gaussian simulation having the desired spectrum
with a nonlinear static transformation to obtain a target non-Gaussian pro-
cess.?®?” The requirement of simultaneous satisfaction of a target PSD and a

2050055-10
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target PD is obtained by sufficient iterations that update the design spectrum used
to create the Gaussian process.

To obtain this, first of all, a Gaussian signal X is generated based on the initial
design spectrum SP(1). This spectrum is also the target spectrum S7 sought for.
Thus, in the first iteration 4 = 1 and S (i) = ST. X has the required spectrum, but
not the target PD. This is now transformed to another signal Y with the desired PD
by a nonlinear transformation given by (1):

Y =FY¢(X)). (1)

Here ¢ is a Gaussian CDF and F~! is the ICDF of the desired PD. The resulting Y,
however, no longer has the design spectrum. The next step is to iteratively update
the design spectrum as follows:
SP(i)
SPi+1)= ST, 2
(1) =i 2)

Here, SP(i + 1) is the new design spectrum and SY (i) is the spectrum of Y. The new
spectrum is now used to generate the Gaussian process and the iteration is continued
till the error between the output spectra and the target is acceptable. The process
produces a signal Y that is transformed to a realization of X that has the target
spectrum ST. The exact satisfaction of the targets (both PSD and PD) simulta-
neously can however be obtained only when the autocorrelations of the Gaussian and
non-Gaussian processes span over a similar range. If this is not so, then the trans-
formation cannot produce the target spectrum whatever is the design spectrum.?*?"

4. Experimental Setup for CBGN Acquisition and Statistical Analysis

The experimental arrangement for acquiring the CBGN and analysis are given in the
following.

4.1. Experimental setup

The arrangement consists of a PC-controlled digital signal oscilloscope (DSO;
Agilent; 1,012 A, 100 MHz, 2 GS/s) connected to the phase—neutral pair of an indoor
PL, through a coupler (Fig. 1). The coupler constituted of suitable combinations of
1:1 transformer and capacitors, acts as a passive high-pass filter (cutoff 15kHz)
having a flat frequency response over a broad range of frequencies. The coupler
prevents 50 Hz and 230V of the PL from harming the connected instruments. Data
acquisition is done in indoor PLs of three different buildings on the university campus
denoted as Site 1, Site 2 and Site 3 for three-week duration at regular intervals. The
NBIs are found to be absent in these sites and the effect of the impulse is neglected
due to the small probability of occurrences. As such, the total background noise is the
CBGN in our case. The noise captured acts as a noise bank n” for further analysis.
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4.2. Statistical analysis of observed CBGN

The analysis includes evaluating the amplitude statistics of the noise voltages and
the time variation of PSD in terms of suitable distributions. The applicability of the
distribution fits for any variables is tested using the Kolmogorov—Smirnov (KS) two-
sample goodness-of-fit test with 5% significance level. The KS statistics is the
maximum difference between the cumulative distributions of samples from two
distributions and is defined by

D = myx|F(2) - Fy(a)|, (3)

where Fi(z) and Fy(x) are the observed CDF's of the two samples, respectively, and
the maximization is with respect to z. If D is less than the critical value of the
samples, then the null hypothesis that the samples are from the same distribution is
accepted, otherwise rejected. The value of the statistics gives the deviation from the
null hypothesis. If the variable does not comply strictly with a known distribution,
then that with the lowest statistics is taken. The distributions tested are the normal,
t-location scale (TLS), logistic, Nakagami-m, Rayleigh, Rician, etc.

4.2.1. The PD of the noise amplitude

In all the sites and bands, the AD of the noise voltages shows non-Gaussian
distributions namely the TLS distribution.”” Table 2 gives the parameters of the
TLS distribution for all the sites and bands. Figure 2(a) gives an example of the
distribution for Site 1 in the HFB. The TLS distribution function is given by’

B 0—5%25) [V : i} -

where I' is the gamma function, u is the location parameter, ois the scale parameter
and vis the space parameter. The scale parameter gives a measurement of the sta-
tistical dispersion of PD. The TLS distribution has heavier tails than the Gaussian
distribution. Superposition of NPD with the same mean and standard deviation in
the figure shows the unsuitability of being represented by this function.

f(z) ; (4)

v

4.2.2. Frequency-domain modeling and statistical analysis of the model parameters

As the NBIs were found to be absent, the PSD of the noise samples after smoothing
with a moving average filter enabled the empirical model to be obtained. Figure 2(b)
shows the PSD in Site 1 in the HFB. In all the sites, the PSD decreases with fre-
quency and follows a four-parameter (a, b, ¢, d) model given by (v) in Table 1. The
PSD varies between considerable limits in all the sites, and the best- and worst-case
parameters are given in Table 3.

To perform a statistical analysis of the variations, the parameters a, b, ¢ and d are
fitted with suitable distributions, the parameters of which are given in Table 2. The
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Fig. 2. (a) The PD of the noise voltage in Site 1 (HFB) showing the TLS distribution and NPD fit.
(b) The PSD of the noise in Site 1 (HFB).

distributions for Site 1 in the LFB are shown in Fig. 3. It is seen from the table that
the parameters a and c satisfy the TLS distribution for all the cases, except in the
LFB of Site 3. However, d follows the NPD for all the sites. The distribution of b
cannot be generalized for Site 1 and Site 2 but follows the NPD and TLS in LFB and
HFB, respectively, in Site 3. The interdependence of the parameters in each site is
found out using the correlation coeflicient (p), the values of which are given in
Table 4. Figure 4 shows the scatter-plots of a—b, a—c and a—d noting the correlation
coefficient p in the LFB of Site 1. As shown in the table, the parameters (a,b) have
high correlation in Site 1 and Site 2 in both the bands, whereas the parameters (a, ¢)
have a high negative correlation only in the LFB of Site 3. The parameters (a, d) have
low correlation in all the sites and bands. None of the parameters in the HFB of Site 3

Table 3. Best- and worst-case model parameters of the power spectral density in
different sites and bands.

Site Band Case a b c d
Sitel LFB Best —125.48 —1.66 x 10~8 50.98 —3.25x10°°
Worst —100.01 4.77x 108 37.84 —1.35x107°
HFB Best —136.22 3.42 x10°10 28.64 —3.77x 1077
Worst  —136.60 —6.3x 1071 3280 —3.2x1077
Site2 LFB Best —96.08 5.42 x 1078 36.20 —2.3x107°
Worst —90.43 7.6 x10°8 36.49 —1.8x107°
HFB Best —124.80 2.07 x 10710 37.03 —-1.1x1077
Worst —119.33 1.97 x 1010 27.30 —5.7x1078
Site3 LFB Best 0.367 2.55 x 106 —89.42 1.35 x 107
Worst 0.638 2.23 x 106 —68.03 2.87x 1077
HFB Best 0.815 1.11x 108 —118.25 5.07 x 10~10
Worst  —198.21 —-1.2x107° 91.19 —6.40x 107
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Fig. 3. The probability densities of the modeling parameters in the LFB in Site 1. TLS: t-location scale,
NPD: normal probability distribution and NA: no distribution available.

showed a correlation greater than 0.7. The parameters whose correlations are high
(lp] > 0.8) can be modeled using a linear fit specified by (M, C) as shown below:

Yv)e = an +C. (5)

The values of (M, C) are given in Table 4. Here the independent (x) and dependent
parameters (y) are a and b/c, respectively. As seen from the table, the R? value of the
linear fit is found to be high. The parameters of Site 3 in the HFB could not be fitted

Table 4. The correlation coefficients and straight line fits of correlated parameters.

Parameter/Band LFB LFB LFB HFB HFB HFB
Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

p a—b 0.8 0.87 —0.24 0.96 0.85 0.77
a—c —-0.4 —0.35 —0.95 —0.23 —0.14 —0.017

a—d —-0.4 —0.28 0.22 -0.7 0.33 —0.53

(z,v) (a,b) (a,b) (a,¢) (a,b) (a,b) NA

St. M 734x107% 892x1079 -—1.118 3.0x10°'' 3.0x10"1 NA

line c 781x1077 887x1077 —75.36 4.0x107Y 4.0x107Y NA

fit R? 0.9 0.9 0.92 0.938 0.8 NA

Note: The M and C' are the straight line fits of (z,y) given in the table for parameters with |p| > 0.8.
NA: Not available.
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Fig. 4. The scatter-plots of a—b, a—c and a—d showing the correlation coefficients p in the LFB of Site 1.

by linear models and denoted by “NA” in the table. The obtained parameters are
used to simulate the CBGN in the next section.

5. Simulation of CBGN and Testing

This section aims to generate noise specific to the sites that efficiently follow the
statistics both in the frequency and amplitude domains represented by Table 2. The
efficiency of the simulation methodologies is also evaluated thereafter.

5.1. Simulation of CBGN

The ultimate aim of the simulation is to attain two objectives. First, the target PSD
is that whose model follows the statistics of the parameters (a, b, c,d). The target

model sought for is denoted by S L( f). The symbol “~” categorizes it as having a
time-varying nature, subscript M represents the model and the superscript T depicts
that it is the target model aimed for. Second, the target PD of the noise voltages is
the TLS distribution with the observed values of the parameters and is denoted by
nbp. Three methods are used: Method 1 (M1), Method 2 (M2) and Method 3 (M3).
Method 1 is the conventional or FFC used as a basis for further simulation. Method 2
and Method 3 are the VFC and the VFC-PD, respectively. The flowcharts of all the
three methods are shown in Fig. 5. The output of the simulation using the three
methods is represented by n,(t) which can be n;(t), ny(t) or nz(t) with PDs denoted
by n1pp, Nepp and nspp, respectively.

5.1.1. Method 1 (conventional): CBGN having average PSD (FFC)

This is the conventional method commonly used for noise simulation with a required
PSD in the SFM. For this, the average of all the observed PSDs is taken, and a filter
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Fig. 5. The block diagram of the different simulation methods.

having a corresponding response is designed. The finite impulse response (FIR) filter
uses the frequency sampling technique®! by which any arbitrary magnitude response
can be achieved. White noise passes through this filter, thereby generating noise
having the average PSD.'®

In Fig. 5, w(t) and n,(t) are the input and generated noise having PSDs S,,,,(f)
and S, (f), respectively. (f) is the frequency response of the filter. The superscript

—” categorizes it as having a time-invariant nature. S,,,(f) is given by (6) where
Ouw 18 the variance:

S,.1(f) is the time average or the expectation (£) of the measured PSD represented by
Speas(f t), and is given by

Su(f) =e{Sm™(f.0)}:- (7)
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The response of the filter to obtain this'® is given by

As noted earlier, the limitations of this method are that the same PSD is generated

every time, and does not represent the time-variant CBGN truly. The model of PSD

of the output noise denoted by S X} (f) is not what is desired and the target PD is also
not obtained. The following results are concluded:

Sii(f) # Su(h), (9)
nipp # n%D . (10)

The method is therefore an inefficient emulator of the statistics of CBGN.

5.1.2. Method 2: CBGN having the statistics of the target PSD (VFC)
In M2 the model fit of the PSD of the generated noise has the statistical nature of

5{4( f). To achieve this, the model parameters are obtained randomly. In every
simulation of noise samples, four random numbers a,, b,, ¢, and d, corresponding to
the parameters a, b, ¢ and d, respectively, and having the desired statistics are
generated (Fig. 5). Two techniques are used for generation. The first is for the
parameters that can be represented by suitable PD as given in Table 2 and the
second is for those which cannot be fitted adequately but are correlated to the first
type as given in Table 4. For the former, the random numbers are directly generated,
using the ICDF technique discussed in Sec. 3.1. For the latter, the independent
parameters which can be fitted by distribution fits are at first generated. The de-
pendent one is then evaluated using the linear fit equation (5). In all the generations,
the parameter a is the independent variable that can be suitably fitted by TLS
distribution in all the sites and bands and the dependent variable is b/c as shown by
Table 4. The desired PSD of the output noise n,(t) is then expected to be fitted by
the model (11).

5 n2

Sy (f) = a,e + c.e®(dB/Hz) . (11)

A filter is then designed which manipulates an input white Gaussian noise w(t) to
give ny(t). The transfer function of the filter is given by (12):

5 n2
> VSu  aehf +cedf
G(f) = : (12)

wa O—'LUU.‘

At every generation of the noise samples, a new filter is generated using the random
numbers, and the model fit of the PSD of the resultant follows the statistics of the
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Fig. 6. The PD of the simulated noise in Site 2 (LFB) when the input has a Gaussian distribution (M2,
and M2,) and a TLS distribution (M2-TLS) compared against the experimentally obtained one (target
PD). M3 represents the distribution obtained using Method 3.

target S ﬂ( f). This is because, every time generated, the parameters a,, b,, ¢, and d,
are samples from the observed PDFs.

In this method, though the requirement of the target PSD with a varying feature
is obtained, the output noise voltages do not have the distribution of the target
PD. This is the case even when the input noise is considered to satisfy the required
PD initially. Figure 6 shows the distribution of the output when the input has a
Gaussian distribution (M2; and M2,) and a TLS distribution (M2-TLS). For con-
venience, the PD of the TLS distribution or the target distribution is also plotted in
the same figure. In none of the cases the target PD is achieved. This method therefore

generates
S5 =8u(f), (13)
Nopp 7# ngD . (14)

The limitation of this method is met in M3.

5.1.3. Method 3: CBGN having the statistics of the target PSD and target PD
(VFC-PD)

The aim in M3 is to generate noise following the statistics of S 54( f) with a target PD
every time generated. The block diagram of the method is shown in Fig. 5. For this,
the iterative technique described in Sec. 3.2 is used. To apply this, the PSD of noise
generated by M2 is taken as the target PSD or design spectrum and is denoted by

S T( f)- The “~” symbol represents the time-varying nature and follows the statistics
of the observed when simulated every time. It is now required to generate a non-
Gaussian noise for every simulated target through a number of iterations. In the first

iteration, the target PSD is taken as the initial design spectrum [SP(f) = S T( f)] and
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a Gaussian signal having this spectrum is obtained. Non-Gaussian signals y; having a
TLS distribution with the required parameters are then generated through a non-
linear transformation (1). In order to check the nature of the PSD of y;, the model fit
is compared with that of ny(t). The model fits are given by S¥,(f) and S}y (f),
respectively, in the figure. If there is a deviation of more than 5dB/Hz at any
frequency and the models have a correlation lesser than 0.8, then the design spectrum
is updated in accordance with (2) using (15):

_sP)
Sy, (f)

Here, S, (f) and SP(f) are the spectra of y; and the updated design, respectively.

SP(f) ST(). (15)

This iteration is continued till the correlation between the models is greater than 0.8
and a maximum deviation at any frequency is less than 5 dB/Hz. If this condition is
satisfied, then the simulated noise gives the final output noise voltage or
n3(t) = y;(t). In general, the design spectrum is updated as

_ S

st =555 - (16)

The transfer function of the filter required to regenerate the Gaussian process is given

by é, 11. In the next generation of the noise samples, the target spectrum is again
updated according to the statistics of a, b, ¢ and d; and the procedure is followed
producing a new set of noise samples.

Figure 7 shows an example of the convergence of PSD and PD to the targeted in
five iterations. It is seen from the figure that the noise n(t) generated initially does
not have the target PD but has the target PSD (first iteration). After the first
iteration, the noise has the target PD, but not the PSD. Similar is the case with the

-60
12 = mtargetn,(t) { = =target, n,(t), n(t)
st
10 1
g ¥
= o
2 g
[=] 7]
4 o
2
e . P
-0.2 -0.1 0 0.1 0.2 0.3

5
Volt (V) Frequency (MHz) 10

Fig. 7. The PD and the PSD of the target and the output of M3 after each iteration from one to five.
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second, third and fourth iterations. In the fifth iteration the PSD and the PD of the
generated noise samples converge to the targeted within expectable limits. This is
also shown in Fig. 6 where the PD of the noise due to M3 attains the target which was
not obtained for M2. The results of this method are

S =Sy, (17)
ngpp = npp . (18)

Here, S X;( f) is the model fit of the PSD of the generated noise ns(t). This method is
therefore, an efficient emulator of the statistics of CBGN compared to M1 or M2.

5.2. Testing the efficiency of the stmulation methodologies

The efficiency of the simulation methodologies is tested in two domains in a time-
variant scenario: first, the frequency-domain representation of the statistics and
second, the amplitude statistics of the noise samples. For the former, the CC is
estimated for channels corrupted by the experimentally obtained and the simulated
noises. The percentage errors of the mean and the standard deviation are taken as a
measure of the suitability to represent the variant PSD. For the latter, the corre-
lation of the distribution of BER of OFDM at every transmit power in a channel
corrupted by the observed and simulated noises (both M2 and M3) is found out. A
higher degree of correlation represents a greater capability of attaining the target
TLS distribution. The simulated noise is also emulated through the DAQ and the
efficiency is estimated. The testing methodology is shown elaborately in Fig. 1. In the
figure, CCT and BER” are the target features of the CC and BER using the ex-
perimentally observed noise, CCS and BERS are the features due to the simulated
noise and CCPAQ and BERPAQ using the noise emulated by the DAQ. If the char-
acteristics of CCS, BERS, CCPAQ and BERPAQ are comparable to corresponding
CCT and BERT, then the emulation is taken to be efficient otherwise not.

5.2.1. Estimation of the channel capacity

The observed noise is non-Gaussian so it is difficult to estimate the CC. However, the
Gaussian noise with the same PSD minimizes the capacity, and can be taken as the
lowermost limit.*?** As such, the capacity is evaluated for the nonwhite PSDs as-
suming a Gaussian noise using the water-filling approach. This approach is appli-
cable for any channel H( f) acting as a linear filter and corrupted with a Gaussian noise
having a PSD of N(f), be it white or nonwhite. For such a channel, the CC is
evaluated by summing the capacities of several subchannels which exhibit flat fading
characteristics corrupted by the AWGN noise. For such a channel, the CC is given by

_ 1 [H()I*B
CC = —log {W

feFp 2 9

]df, (19)
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where Fp is the range of frequency where (20) is satisfied:

N(f)
[H(f)?]

< B. (20)

And B is a parameter which implicitly depends on the maximum power. Equation (20)
signifies that only the frequency band Fp in a colored noise scenario is effective in
adding to capacity.>® To observe the effect of only the variant noise, the channel is
considered to be ideal with |H(f)| = 1 over the entire bandwidth (BW), and the noise
PSD is that given by the model. While evaluating the CC, the model is approximated
by two linear fits in the high- and low-frequency regions of the bands. The CC is
estimated at the maximum transmit power; considered here to be 0.5 W and 5 yW in
the LFB and HFB, respectively. At these transmit powers, the solution can be either of
the two cases represented in Fig. 8 shown for the HFB. In the first case, B is much
greater than N(f) at all frequencies and as such the entire bandwidth constitutes
Fy = [1,30] MHz and adds to the capacity; however in the second case, only the band
Fp = [fp, 30] MHz achieves the capacity because below fp, the condition (20) is not
met. S,..(f) is the received power. Figure 9 shows the probability distributions of CC
in all the bands and sites. It is seen that the distributions for the simulated (M2 and
M3) have close resemblance with those evaluated using the experimental noise. The
mean and the standard deviation of CC are provided in Table 5. The percentage errors
of these quantities (1, % and 0,%, respectively) in the LFB are found to be as small as
2.17% and 5.26% using M2 and 10.13% and 4.08% using M3. In the HFB, these are
found to be 3.03% and 21.18% for M2 and 1.81% and 22.86% for M3. This shows that
both two methods represent the statistical variations of the observed PSD within a
limit of error. The noise produced by M1, however, produces the same capacity every
time simulated due to the static nature of the average PSD.

5.2.2. Estimation of BER of OFDMA

The multicarrier modulation, OFDM, is a promising technique for PLC. This
modulation has a high spectral efficiency, and can be used to mitigate the harsh

B NF)
N(F)
o Fe Iz
1 f(WHz) a0 1 f»  fiMHz] 30

Case I Case I1

Fig. 8. Interpretations of Case I and Case II of water filling approach.
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Fig. 9. The probability distributions of the channel capacity in the LFB and HFB in the three sites with
experimental and simulated noises using the methods M2 and M3.

effects of multipath propagation, typical to PL channels. Here, the available BW is
divided into a number of orthogonal subcarriers, and a high-data-rate bit stream is
split into lower ones and sent in parallel through the subcarriers. The property of the
subcarriers prevents the bit streams from interfering with each other. If the data BW
in each subchannel is less than its coherence one, then inter-symbol interference is
removed. In a typical PLC, the received signal is given by

r(t) = s(t)h(t) + n(t), (21)

where s(t) is the transmitted OFDM signal to the PLC channel, h(t) is the impulse
response of the channel and n(¢) is the channel noise. The transfer function is the
Laplace transform of h(¢). Various models are available to model the multipath
environment of the PL. However, for simplicity, to observe the effects of noise only,
we assume an ideal channel whose transfer function is flat in the entire BW. The PLC
system uses a modulation constellation of 16 quadrature amplitude modulation
(QAM) OFDM systems. The BER of M-ary QAM OFDM in AWGN is given by
(22),** but here a nonwhite noise is considered:

M-1 Jogy M . E;
P, = —erfc( 231\40&—1]\[;> : (22)
Mlogyv' M (M —1).No

In (22) E} is the energy/bit and N is the noise spectral density. In the simulation,

n(t) is time-varying considered to be the experimentally obtained or simulated by
the model. At every transmit power (t;), the OFDM signal thus experiences different
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Fig. 10. The plots of (¢y, py) in the LFB and HFB for all the sites.

channel conditions and the BER changes in accordance to the ratio (E,/N;). The
distribution of the BER gives a measure of the effect of the variant noise which is
modeled using suitable nonparametric distribution fits. The BER is found out for
three cases: first with the experimentally obtained noise (Exp), second with the noise
generated by M2 and third with the noise generated by M3. The correlation coeffi-
cients (py) for the distributions Exp—M2 and Exp-M3 are then found out. High
values of py depict that the OFDMA signal in M2 or M3 is affected in a similar way as
by the experimental noise. Low values of p, depict that the signal is affected in a
different way. The transmit power ¢, of s(¢) is changed at an interval and for each
value, the p, is likewise found out. Figure 10 shows the plots of (ty, py) for all the
bands and sites. Figure 11 shows examples of high and low correlations between the
distributions at different values of ¢, namely at extreme (0.13 W/0.03 xW) and in-
termediate (0.73 mW /0.9 mW) values for Site 2 (LFB). It is seen from the figures
that at ty = 0.13 W/0.03 uW, the shapes of the three distributions are nearly the
same, the which results in high p, of 0.86/0.99 and 0.98/0.99 in the Exp-M2 and
Exp-M3 distributions, respectively. However, for ¢, = 0.73mW/0.91 mW, the shape
of Exp is more similar to that of M3 than M2. This gives p, of 0.59/0.99 and 0.55/
0.99 in the Exp—M2 and Exp—M3 distributions. The reason behind this is that at
small values of ¢, all the three cases suffer high BER due to the low value of Ey/N,
and hence result in high values of p;. At very high values of ¢, the BER is always
small due to the large ratio. At intermediate power, the distribution of BER in M3 is
more like that with the Exp than the M2. This is because the noise generated by M3
follows both the PSD and PD of the experimentally observed due to which the
OFDMA signal experiences similar channel conditions as the experimentally ob-
served noise. However, the noise generated by M2 does not attain the target PD and
as such the distribution of BER shows low correlation compared to the former. This
analysis shows that the BER is sensitive to the distribution of the noise samples and
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Fig. 11. The probability distributions of BER of OFDMA for different transmit powers in Site 2 (LFB)
with (g, py) given in the plots.

only a varying PSD does not suffice to emulate the noise successfully. It is also seen
from Fig. 10 that p, is high throughout the range of ¢y in the Exp—M3 distribution
even for intermediate powers and better compared to the Exp—M2 case. Table 6
gives the minimum and average p, for all the bands and sites considering the whole
range of t;. The minimum is found to be as low as 0.1725 for the Exp-M2 dis-
tributions whereas the correlation is found to be as high as 0.6730 for Exp—M3
distributions. In the HFB the minimum is found to be 0.2441 against 0.6910. The
average pg over all ¢, is found to be minimum at Site 3 (0.6837 against 0.9855) and
Site 1 (0.6758 against 0.8692) in the two bands, respectively. This shows that the

Table 6. The minimum and average correlation coefficients of the distributions of BER of
OFDMA at different transmit powers using the experimental, simulated (Exp-M2 and Exp—
M3) and emulated (Exp-M2p,q and Exp-M3p,q) noises.

Site 1 Site 2 Site 3

Parameters Min p Avp Min p Avp Min p Avp

Low frequency ~ Exp-M2  0.8875 09781 0.5524 0.8253 0.1725 0.6837
Exp-M3  0.9905 0.9982 0.9856 0.9956 0.6730  0.9855

Exp-M2p,o, 0.7440 0.8880 0.4246 0.9453 0.2944  0.8098

Exp-M3psg 09341  0.9747 0.8564 0.9688 0.8097  0.9495

High frequency ~ Exp-M2  0.2441  0.6758 0.3006 0.6793 0.5190  0.6865
Exp-M3  0.6910 0.8692 0.7950 0.9057 0.9159  0.9820
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Fig. 12. The plots of the probability density of CC and (¢y, py) of BER of OFDM in the three sites in the
LFB using noise from the DAQ.

M3, which takes into account the PSD and PD of the target, gives a better re-
flection of the noise statistics.

5.2.3. Hardware emulation of CBGN

The hardware for emulation is a 16-bit multifunction DAQ (NI-USB 6251, 1.25 MS/
s) operated through LabVIEW software. The simulated noise in the LFB using both
M2 and M3 is logged out through the DAC of the DAQ and recaptured by a DSO
(Fig. 1). The noises produced are termed as M2p,q and M3paq, respectively, and
serve as a noise bank for statistical analysis. The PSD of the samples is remodeled
and the CC is estimated at the maximum transmit power of the band. Figure 12
shows the distributions of CC in the emulated and experimentally observed noises.
The BER of OFDM is also found out in the recaptured noise. The correlation
coefficients py for the nonparametric distributions of Exp-M2p,q and Exp-M3paq
at every transmit power ¢, are plotted in the figure as before. Tables 5 and 6 show the
mean and the standard deviation values of CC for all the sites and the average and
minimum p, for the BER, respectively. It is seen from the figure that the distribution
of CC is nearly similar. The minimum percentage errors of the mean and standard
deviation are found to be 13.12% and 0.31% using M2p,q and 3.1% and 2.08% using
M3paq are, respectively. The (ty, py) graph also shows high correlation for the Exp—
M3paq case throughout ¢, compared to the Exp—M2p,q case. The minimum is found
to be as low as 0.2944 for the Exp—-M2p,( distributions whereas the correlation is
found to be as high as 0.8097 for the Exp—M3p,q distributions. The average cor-
relation is also high for M3p,q compared to M2p,q.
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6. Results

Considering all the sites, in Table 5, the average percentage error of the mean of the
CC is found to be 11.78% for M2 and 12.68% for M3 in the LFB. The noise emulated
using the DAQ has 17.93% and 11.82% deviations using M2p,q and M3p,q, re-
spectively. For HFB, the average percentage errors are 12.34-10.66% for M2 and M3,
respectively. From Table 6, the Exp—M2 distributions showed an average minimum
correlation of 0.422 which is far below that of Exp—M3 (0.883). Similarly for the
DAQ, it is as small as 0.498 (for Exp-M2p,q) against 0.867 (for Exp-M3p,q). For
HFB, the correlation is 0.355 (Exp—M2) against 0.801 (Exp—M3). M3 can therefore
provide a better regeneration of the experimental noise within an error limit com-
pared to M1 or M2. The reason for the error is the fitting of the parameters is not
completely perfect and the distribution with the minimum KS statistics is only
taken. For those parameters for which this technique is difficult to use, other
methods such as acceptance-rejection method of generating random numbers can
also be used. The simulation of BER of OFDMA shows the importance of simulating
a target observed PD instead of the Gaussian noise for noise regeneration. Moreover,
in M3, a maximum of 17 parameters (14 for varying PSD and three for target PD as
seen in the HFB of Site 3) are sufficient to regenerate the statistics of the experi-
mentally observed noise. This is an added advantage over SAM where the para-
meters at every frequency interval need to be stored for regeneration.

7. Conclusion

The paper presents a method to simulate the observed time-variant CBGN at any
site in the indoor PL channels such that the time-domain characteristics are captured
by a varying PSD model and the noise amplitude by a target distribution within a
limit of error. The emulation is done using a smaller number of parameters compared
to the available method namely the SAM. The estimated communication parameters
using the emulated noise show close agreement with those obtained with the ex-
perimental noise. The method can be used for CBGN generation in the overall noise
simulator of PL channels that efficiently portrays the channel behavior. Such a
simulator will successfully predict the efficiencies of devices before implementing in
actual hardware. Emulating the statistical properties of noise in PL channels will
enable development of suitable hardware that can be aimed to be more robust and
competent with other networking options.
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