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Abstract. Estimation of the characteristics of power line
channel is a pre-requisite for successful implementation of
any power line communication system. This paper presents
a method to estimate the forward voltage gain scattering
parameters (Sy1) of an indoor power line using only the
input port reflection coefficient (Sy1). The measured input
parameter with one/two load placed at the output suffices
to estimate the Sy as far as frequency selectivity is con-
cerned. The positions of notches can be estimated within
a limit of error with positive and at times high correlation
between the experimental and evaluated S,, parameters.
The method is validated for a number of practical net-
works, and also for random channels with different types of
loads and cables found in the papers. The procedure can
be incorporated in estimating the channel for mitigating
the related problems.
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1. Introduction

The ubiquitous power lines (PLs) can be used as an
alternative or in conjunction with other networking options
[1] allowing virtually every line-powered device to become
the target of advanced communication services. This has
led to Power Line Communication (PLC) in different parts
of the PL grid for in-house, access, and control applica-
tions requiring both low and high bit rates like smart grids,
automation, [1], [2] etc. The problem with PL channel is
that it is far from conducive to signal transfer. However,
mitigating these would provide cost-effective last-mile last
inch solutions penetrating the mass market increasingly.

One of the problems faced by PLC, especially in in-
door PLs is the frequency selective nature of the channels
[1]. Suitable solutions require an in-depth knowledge or
estimation of the channels in terms of their transfer func-
tion (TF) [3], scattering parameters (S parameters) [4], and
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as to how the signal is scattered, faded, phase-shifted, de-
cayed, noised, etc. before it reaches the receiver. Sufficient
knowledge can also be obtained from models and modeling
parameters [5—8]. This information can be incorporated in
modems for successful mitigation.

The experimental techniques for estimating the PL
channel can broadly be divided into the frequency domain
(FDA) and the time domain (TDA) approaches. The FDA
includes determination of the channel parameters like the S
parameters [4], complex frequency response (CFR) [9],
access impedance, [10] etc. The CFR can be estimated
using the ratio of the voltages at the output and input port,
the ratio of the source and the load impedance, measure-
ment of the insertion loss, conversion of S parameters and
the use of Scope tool [3], [4], [11], [12]. The TDA includes
pilot based methods and blind [13] estimation commonly
used in Orthogonal Frequency Division Multiplexing
(OFDM). These two methods depend on the transmission
and reception of pilots and symbols that are analyzed at the
receiver. The use of pilots, however, limits the bandwidth
(BW) and the blind estimation is very complex at the re-
ceiver. The problem with the cited methods is that it re-
quires two port measurements for estimation and as such
difficult to implement. Other techniques are also proposed
like mapping the network [14], load frequency mapping
[15], adaptive communication [3] and evaluation of the
input impedance [16]. The problem with the former three is
that it requires a priori knowledge of the topology which is
not feasible. The adaptive approach and input impedance
method are limited to simulation/emulation only. Another
simpler method has been proposed in [17] involving only
input port measurements to estimate the TF. This is applied
to a twisted copper pair used for the copper access net-
work. Such a technique is however not possible in PLs
consisting of a large number of discontinuities caused by
heterogeneous components. It has been proposed in [16],
that the input impedance (IMP) of two states in a PL chan-
nel with different loads at the receiver can give an idea of
the TF. However, no validation of the technique exists till
date. Suitability of any method must also be accompanied
by an in-depth analysis of the extent of validity using ex-
perimental results and statistical analysis. A reliable tech-
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nique that uses only input port measurement for two port
estimation would simplify the problem in PL channels
a great deal. Of all the S parameters, the S,; is the most use-
ful [4] as it gives the TF of the network [18].

This paper presents a simple yet effective method to
estimate the S,; parameter or the forward voltage ratio of
a PL channel using the knowledge of only the S;; parame-
ter (input port reflection coefficient) for one/two load con-
ditions at the receiver end. Though the exact magnitude
may not be feasible, the notches in Sy, can still be esti-
mated within an error from the frequency dependency.
Knowledge of the notches will enable mitigating the prob-
lems related to the frequency selectivity (FS). The method
represents the PL as a two port network (2PN) and in terms
of the ABCD or chain matrices. This procedure does away
with the two port measurements, transmission of signals,
and knowledge of the network topology a priori making it
simple to implement and also saves the BW. Unlike the
IMP method in [16], this technique is realizable in practice,
though with some similarity. The one load case further
simplifies the implementation and increases the reliability.
The method is validated experimentally for a number of
test channel and the efficiency found out in terms of the
correlation coefficient between the actual and the estimated
parameters and the error in determining the frequency of
the notches. Statistical analysis is also done using a large
ensemble of randomly varying channels that replicate the
commonly available networks and cables.

The entire paper is organized as follows: In Sec. 2,
the representation of a 2PN using S parameters and ABCD
matrices is discussed. Section 3 presents the methodology
from evaluation to validation for multiple loads. In Sec. 4,
the technique is verified experimentally in a number of test
channels. Section 5 presents and validates the method us-
ing measurements for a single load only. Statistical analysis
of random channels follows in the next section. The paper
then discusses the results in Sec. 7 and concludes in Sec. 8.

2. Scattering Parameters and ABCD
Matrices of a Two Port Network
A section of PL network like XY in Fig. 1(a) or even

a complex network can be taken as a 2PN characterized by
the S parameters and the ABCD matrix. In the figure, Tx and
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(a) A typical power line network showing connection
for the proposed method and validation. (b) Reference
channel with star branches for estimation using one
load.

Fig. 1.

Rx are the positions of the transmitter and receiver of PLC
devices when used for communication. The four S param-
eters (S11, S12, S21, Sp,) are defined in terms of the incident
(a1, ay) and reflected (b, b,) waves at the two ports (by/ay,
b\/as, bya,, by/ay) with adequate conditions termed as the
input port reflection coefficient, reverse voltage gain,
forward voltage gain and the output port reflection coeffi-
cient respectively [18], [20]. The IMP of a 2PN can be
evaluated from the S); parameter and a reference imped-
ance (Z; ) as given by (1) [18], [20]

Zn=2, 13, @)
1-S,

The ABCD matrices of a 2PN are functions of the
voltages and current at the two ports and the net matrices
are the product of the matrices of the cascaded sections. Z
is also related to the net matrices as given by (2) [5]

_AZ, +B )
CZ, +D’
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Here, Z; is the load impedance. The relation between the S
parameters and ABCD matrices are given by (3)—(6) [21]
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where Z is the source impedance. The ABCD matrices can
be evaluated from the reverse formula from the S parame-
ters [21] or theoretically from models of known topologies
[5]. For unknown networks, the matrices cannot be ob-
tained from the models because the topology of the PL
network is not known. In this paper, the ABCD matrices
for unknown networks is obtained by solving equations
having known parameters and S parameters evaluated us-
ing equations (3)—(6).

3. Methodology for Multiple Loads

The flowchart of the method used for evaluation and
validation is given in Fig. 2. At first, the S parameters of
a 2PN (say XY in Fig. 1(a)) are estimated using a suitable
measuring instrument for four loads conditions without the
Tx and Rx. The loads (Zy 1, Z15, Z13, Z14) are placed at the
receiver terminations, one after the other, at the position
marked as ‘Load’ and denoted by Z;, (n = 1,2,3,4) in gen-
eral. The topology of the experimental network is consid-
ered to be unknown and as such the ABCD matrices from
models are also unknown parameters. The S parameters
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obtained are denoted by 11"z S12"lzLm S21° |z, and
2P|z, Out of these, only the S},*|;, parameter is used
in the evaluation stage and the other parameters in the
validation stage only. Next, the S;,"|;, parameters are
used to evaluate the four IMP of the network using (1) and
(7) and represented by ZINn (Zle ZINz, ZlN3s Z[N4) [18], [20]

exp
Ly, =2, (—14-3” ZL"). (7

_Qexp
1 Sl 1 |ZLn

This IMP can also be written in terms of ABCD matrices
as given by (2) and (8) [5]

AZ, +B (8)
Nt — :
CZ,,+D

Substituting the value of Zp, from (7) in (8), four linear
equations are obtained as given by (9) with ABCD as the
unknown variables

AZLn + B - CZanZLn _DZINn = 0 (9)

The four load conditions keep the matrices of the network
XY unchanged. However, being homogeneous, this will
give a trivial solution and to make it non-trivial, a constant
term (g, n = 1,2,3,4) is added as in (10)

AZLn + B - CZanZLn _DZan =&, (10)

n

With different values of ¢,, the equations can be solved to
get a unique solution for the ABCD matrices using mathe-
matical tools. Here, we have used the Gauss’s elimination
method (GEM) to solve the equations [19]. The ABCD
matrices, thus obtained is now applied to re-evaluate back
the S parameters using (3)—(6) to give the computed pa-
rameters (S, 812", S5, $2,°°"™). While performing
these evaluations, the load impedance Z; is assumed to be
Z11. As 71, are frequency dependent terms, the four equa-
tions are constituted at every frequency and the solution
obtained at each of these. In the validation stage, the effi-
ciency of the procedure is found out by evaluating the
correlation coefficient between the experimental and the
computed parameters. The correlation between the magni-
tude of S;7"|z; and S;,°*™ is denoted by (7s11)m, between
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Fig. 2. The flowchart of the method for computation using
multiple load.

Sy and S by (Fs12)ms S217 )z and S5, by
(rS21)m and SzzeXp|ZLl and Szzcomp by (VS22)m~ Slmllarly, the
correlation between the phase of S|, ; and S}, is
denoted by (rs11), and that between Sp |, and S,°"™ by
(7s21)p- Moreover, the frequency of the notches in the mag-
nitude of $5,“?|,.; and S5,°"™ is also found out. The differ-
ence in these frequencies (4f) gives the error in estimating
the notches using the computed S, parameter. For
successful computation, the error Af must be small. For
a channel in which there are a number of notches, Af repre-
sents the mean error. Though the method has been de-
scribed for four loads, a three and two load cases are also
analyzed to ascertain the condition for successful compu-
tation. For this, a modified form of the GEM as described
in the next section.

4. Estimation Using Multiple Loads
and Experimental Verification

The network shown in Fig. 1(a) is used for the analy-
sis and experimental verification. The propagation path XY
can have one and/or two branches (AB and CD) as shown
in the figure. In practical networks, the branches can be
unloaded or loaded (Zy,, Zpp...) conditions and give rise to
frequency selective channels due to multipath environment
involved. In the network, L1 =1.25m, L2 =4.50m, L3 =
1.10 m, /y;; =3.66 m and /,, = 1.0 m. The primary line
parameters of the cables are L=0.69 uH/m and C=
38 pF/m with a characteristic impedance of Z,~ 135 Q.
Four test channels termed as PL, PL, PL; and PL, are
considered with different configurations as given as
follows

1. PL;: One branch AB (open).
2. PL,: One branch CD (open).
3. PL;: Two branches AB (open) and CD (open).
4. PL,: Two branches AB (short) and CD (open).

In each of these channels the S parameters are deter-
mined using a Vector Network Analyzer (VNA, Keysight
Fieldfox N9923A, and 2 MHz—4 GHz) for four load con-
ditions (Z,=50 Q, 100 Q, 150 Q, 200 Q). The values of
the constants ¢, are all taken to be different and given by
(10%, 107, 102,10™"). Two other conditions are also ana-
lyzed, using the experimental readings from a three load
(say Zv1, Z12, Z13) and a two load (say Z;, Zi,) condition.
In the former, three loads are used to constitute the four
equations as shown in (11)—(14). In such cases, two equa-
tions are constituted having same loads (using Z;), with
different values of ¢; and &, and the other two use the re-
maining two loads (Z;,, Z; ;) with constants &3 and &4.

AZ, +B—-CZyZ,, —DZy, =&, (11
AZ, +B—CZyZ,,—DZy, =&, (12)
AZ,+B~CZyZ,,~DZy, = &,, (13)
AZ, ,+B-CZyZ,,—DZy, =¢,. (14)



RADIOENGINEERING, VOL. 29, NO. 4, DECEMBER 2020

647

The equations can also be written as (15) and (16) in short.

AZ+B-CZ\Z,,—DZ, =&, (15)
AZL2,3 +B- CZ1N2,3ZL2,3 - DZINz,s = ‘93,4- (16)

In the two load condition, the results of two loads
(say Z; and Z;,) are used to constitute the four equations.
These can either be (17) and (18) or (19) and (20). In the
(17) and (18), two equations have the same load, while at
(19) and (20), three equations have the same load with
different &,,.

AZ,, + B—=CZpZy, ~DZo = 6,5, (17)
AZ,y+B=CZyo 7y, ~DZoy = 6,40 (18)
AZ,\ + B=CZyZ,, ~ DZpy = 61555 (19)
AZ,,+B—CZy,Z,,~ DZy, =&, (20)

In the three and two load conditions, the system ma-
trix is singular and as such has an infinite number of solu-
tions. An optimum solution is obtained by modifying the
GEM keeping in mind that the ultimate aim is to estimate
the frequency dependency of parameters and not the exact
value. This will give an idea of the notch and hence the FS.
In general, the four equations for the three load condition
can be written as (21) and (22) for the variables (x, y, z, w)

ax+by+cz+dw=g,;, (21)
ax+by+cz+dw=g,. (22)

As this is a singular matrix, the lower triangular
matrix cannot be obtained [18]. However, after a number
of computations, the matrix form of (23) can be obtained.

a b ¢ d|x| |¢g

0 0 0 0y _ & (23)
0 b ¢ diz| |&]

0 0 0 0wl |&

To get a unique solution of the variables, the diagonal
terms are added by an arbitrary small constant J that
converts the equation to (24):

a+6 b o d|x]| |g
0 o 0 01y _ & (24)
0 b d+6 di||z| |&]
0 0 0 o|w| |&

The addition of ¢ aids in estimating the frequency de-
pendence of the matrices but not the exact values. The
variable y and w is first solved followed by z and x. ¢ is
considered to be 10 in the computation. A similar method
is also used for the two load condition.

The efficiency parameters for different load cases are
tabulated in Tab. 1. In the table, (1,2,3,4) signifies that all

four loads (Zy, Z1o, Z13, Z14) are used to build up the equa-
tions. The set, like (1,1,2,3) that only three loads (Z, Z,,
Z15) are used, (1,1,1,2) and (1,1,2,2) that only two loads
(Z11, Z1,) are used and so on. For all the combinations, the
correlation (rz) between magnitudes of the Zy used for
computation is also evaluated. For example, for the two
load condition say (1,1,2,2) with loads given by Z;; and
Z1,, the correlation between the input impedances Zy; and
Zm; 1s evaluated. The correlation is found out by using the
expression (25) [22].

(7)< L)

OOy

N and O A€

standard deviations of the magnitude of Zy; and Zy, re-
spectively. The frequency resolution in the computation is
100 kHz. The computations are considered to be successful
for positive values of the correlation coefficients.

where Cov is the covariance and o

From the table, it is seen that computations are mostly
successful for Sj; with positive and high values of (rs;)n
and (rg11),. For Sy, the values of (751)m and (rs), can be
both positive and negative with high and low values. The
values of (rs12)m and (rsx)m are mostly negative. The pro-
posed method thus yields successful computations only for
Si; and S,; but not for S|, and S,,. For those cases for
which it does give positive results, Af is found out and
tabulated. For cases in which the computations are unsuc-
cessful, the Af is stated as ‘Not Available’ or ‘NA’ in the
table. From the table, it is also seen that an r, ranging from
0.9165 to 0.9999 is obtained. Analyzing the results, the
following two conditions need to be satisfied for computa-
tion of S,;.

1. Constitution of four equations from two loads. The
first condition is that the four equations must be con-
stituted using only two loads. Though the system ma-
trix of the four load case is non singular, it fails to
give the required S,; parameter and is noted as ‘NA’
in the table. The three load case does not give positive
results always.

2. The Zy, for the two loads must have the required cor-
relation. The second condition is that estimation is
possible only when the r, for the two IMPs due to the
two loads are not very high (<0.999). The loads cho-
sen to terminate the network must cause an apprecia-
ble change in the Z. For all combinations of loads in
PL,, the computation is unsuccessful as r,> 0.999 al-
ways.

Considering all the successful computations, the cor-
relation for Sy; and S,; can be as high as (rs),~0.9999 and
0.8679 respectively. The correlation of (rs11), and (rs1), is
also high. Though (75))m can be as low as 0.1347, the
notches can still be estimated with an error of Af=
0.222 MHz (as in (1,1,1,3) of PL,). Figure 3 and Figure 4
give a plot of the magnitude of S}, and S, for PL, for the
load conditions (1,2,3,4) and (1,1,2,2), respectively. The
figures show that, the computed S,; values does not follow
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Test Correlation | Correlation | Correlation | Correlation | Correlation | Correlation | Correlation Mean
Channel Loads (V;) (Fs1)m (rsi l)p (rs21)m (rs2 l)p (rs12)m (rs22)m ar
(MHz)
(1,2,3,4) - 0.9997 0.9729 0.3322 0.3160 —0.1827 —0.2321 NA
(1,1,2,3) - 0.1807 0.6945 0.7918 0.9734 0.3812 —0.1410 0.290
(1,1,1,2) 0.996 0.9997 0.9729 0.8461 0.9832 —0.2834 —0.0536 0.330
(1,1,1,3) 0.996 0.9996 0.9716 0.8679 0.9823 —0.2945 -0.0322 0.185
(1,1,1,4) 0.979 0.9990 0.9716 0.8366 0.9877 —0.3030 —0.0037 0.290
PL, (1,1,2,2) 0.996 0.9803 0.9729 0.8461 0.9769 -0.2839 —0.0536 0.195
(1,1,3,3) 0.989 0.9802 0.999 0.8679 0.9796 —0.2945 —0.0573 0.245
(1,1,4,4) 0.979 0.9996 09716 0.8366 0.9877 -0.3030 0.0037 0.47
(2,2,3,3) 0.998 0.9568 0.9327 0.8516 0.9876 —0.3627 0.0080 0.24
(2,2,4,4) 0.993 0.9647 0.9329 0.7981 0.9918 -0.2932 0.0392 0.355
(3,3,4,4) 0.998 0.9631 0.9343 0.7139 0.9928 —0.2233 0.0817 0.265
(1,2,3,4) | ----- 0.0015 -0.056 -0.5329 0.9845 0.2805 0.0848 NA
(1,1,2,3) -—-- 0.6439 0.6643 —0.1365 —0.6537 —0.1142 —0.0336 NA
(1,1,1,2) 0.9929 0.9998 0.9912 0.1353 0.9872 -0.2594 -0860 1.43
(1,1,1,3) 0.9165 0.9998 0.9912 0.1347 0.9897 —0.1291 0.5670 0.222
(1,1,1,4) 0.9516 0.9996 0.9912 0.4890 0.9889 -0.3971 0.4798 0.115
PL, (1,1,2,2) 0.9929 0.9998 0.9912 0.1353 0.9872 —0.1063 0.5960 1.105
(1,1,3,3) 0.9165 0.9998 0.9912 0.1349 0.9897 -0.1291 0.5569 1.23
(1,1,4,4) 0.9516 0.9996 0.9912 0.4890 0.9872 —0.3971 0.4797 0.852
(2,2,3,3) 0.9996 0.8783 0.6781 0.2401 0.9437 0.0235 0.0774 NA
(2,2,4,4) 0.9860 0.6755 0.6447 0.6394 0.9854 —0.1768 —0.3823 2.09
(3,3,4,4) 0.9862 0.0444 0.1330 0.600 0.9865 -0.1904 -0.3994 1.89
(1,2,3,4) -—-- 0.9727 09714 0.5270 —0.1578 —0.0225 —0.3575 NA
(1,1,2,3) -—-- 0.3824 0.3961 -0.1232 -0.3090 -0.0656 -0.1705 NA
(1,1,1,2) 0.9989 0.9724 0.9714 0.5286 0.986 0.0671 0.4584 0.672
(1,1,1,3) 0.9995 0.9726 0.9714 0.4794 0.8308 0.0712 0.3762 NA
(1,1,1,4) 0.9282 0.9713 0.9714 0.4434 0.9768 0.1123 0.1117 0.803
PL; (1,1,2,2) 0.9989 0.9724 0.9714 0.5286 0.9865 0.0671 0.4584 0.667
(1,1,3,3) 0.9995 0.9726 0.9714 0.4794 0.8308 0.0712 0.3762 NA
(1,1,4,4) 0.9282 0.9713 0.9714 0.4434 0.9356 0.1123 0.1118 1.27
(2,2,3,3) 0.9997 0.1864 0.1524 —0.3028 —0.5183 —0.0782 0.2755 NA
(2,2,4,4) 0.9301 0.7459 0.9644 0.4552 0.9628 -0.1581 0.0022 1.27
(3,3,4,4) 0.9302 0.3994 0.2859 0.4150 0.8980 0.0692 0.0173 1.73
(1,2,3,4) --—- 0.9999 0.9967 -0.2957 —0.0813 —0.1320 —0.1566 NA
(1,1,2,3) -—-- 0.6890 0.6636 —0.4677 0.5096 0.0114 0.1549 NA
(1,1,1,2) 0.9997 0.9999 0.9907 -0.1826 -0.6585 -0.2936 0.4569 NA
(1,1,1,3) 0.9996 0.9999 0.9922 —0.2231 —0.6585 —0.3548 —0.4823 NA
(1,1,1,4) 0.9993 0.9998 0.9992 -0.2536 -0.6585 -0.2605 -0.4905 NA
PL, (1,1,2,2) 0.9997 0.9999 0.9907 —0.1826 —0.6586 —0.2936 0.4569 NA
(1,1,3,3) 0.9996 0.9999 0.9922 -0.2231 -0.6586 —0.3548 0.4823 NA
(1,1,4,4) 0.9993 0.9999 0.9922 —0.2536 —0.6586 —0.2605 0.4905 NA
(2,2,3,3) 0.9999 0.9997 0.9774 0.1390 -0.6584 -0.3341 0.1618 NA
(2,2,4,4) 0.9995 0.9996 0.9876 —0.1520 —0.6578 —0.2373 0.2116 NA
(3,3,4,4) 0.9998 0.9970 0.9975 -0.0428 —0.6555 -0.0241 0.1680 NA

NA: Not Available

Tab. 1. Correlation between different parameters for different load condition and the deviation in the frequency of notches.

the experiment in the four load case, but are very similar in
the two load case. The former shows no notches and is
noted as ‘NA’ in the table. However, the latter gives
a notch with a mean error 4f'=0.33 MHz. In the latter, the
discontinuity in the phase plot at the notch position is also
clearly seen. In the two load case (Fig. 4), the magnitudes
of the computed and experimental case may be different,
but the frequency dependency (shape) is nearly similar.
Figure 5 shows the magnitude of the IMP for (1,1,2,2) for
PL, and PL, with an r, value of 0.996 and 0.9997 respec-
tively. As seen from the table, the computation is success-
ful only for the former but not so for the latter, because of
high value.

5. Estimation Using Single Load and
Experimental Verification

It can be concluded from the previous section that
computation of S, is successful when there are two chan-
nels whose IMP are suitably correlated (77 < 0.999). These
two channels must be the same except in the value of the
terminating load. As such, one can be taken as a reference
upon which the computation is carried out. In the two load
condition, both the channels are the experimental ones with
different values of the load. In this section, the idea of
reference is extended to the evaluation of S,; from the
knowledge of the S, for only one load. As the computa-
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tions require two channels, the experimental is considered
as the first channel and a simulated one as the other. The
simulated channel is termed to here as the reference chan-
nel (RC).
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Fig.3. The magnitude and phase plot of both computed
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Fig. 5. The magnitude of the input impedance Zjn; and Z, for

the case (1,1,2,2) for (a) PL, and (b) PL4s showing low
correlation and high correlation respectively.

5.1 The Reference Channels

The RC is based on a number of observations. Firstly,
the frequency of the notches in the TF of a PL section is de-
pendent on the nature of the branched taps but not on the
position in the propagation path [5]. The attenuation of the
notches is, however, dependent on the latter [5]. Secondly,
the notches due to multiple branches in a PL are at all the
positions as for the branches considered individually [15].
Thirdly, a star branch as shown in Fig. 1(b) having branches
of various lengths has notches at various frequencies.
Fourthly, when a simulated network is taken as a RC, the
computation with the experimental reading will give
a notch in the correct position only if the former has a close
similarity with the experimental (Section 4). In such a case,
the length of the branch and the position in the propagation
path should match that of the experimental one. This vari-
ability is, however, not known a priori for practical PL net-
works.

As the length of the branches that represents the ex-
perimental is not known, a RC shown in Fig. 1(b) is simu-
lated. The network has star branches in open circuited
conditions with lengths between a maximum (/y; max) and
minimum (/y; min) and a consecutive difference of A7 The
TF of such a network will have notches at various frequen-
cies, out of which only a few will correlate with the ex-
perimental. Also, as the star branch can be placed in any
position in MN, a number of RCs need to be considered
with differing length of MO. The smallest and the largest
value of MO can be L, and L, respectively, with a con-
secutive difference of AL. As every variant of a RC is
known, the net ABCD matrices can be evaluated theoreti-
cally using Tyet = TixTsaeXT where Tj, Ty, and T are the
ABCD matrices of the transmission line (TL) represented
by MO, the star branch and ON respectively. The IMP of
the RC can then be obtained using (8) to constitute the
required equations. For a single unknown experimental
network, the computation is carried with N number of RCs
with different lengths of MO.

5.2 Methodology Using the Reference
Channels

The flowchart of the method involving the RCs is
given in Fig. 6. It consists of three parts: the experimental
evaluation of the S;;"|,,, the formation of a RC and the
computation of S,; and validation. In the first step, the
experimental value of the S;; parameter is evaluated using
a VNA for the load Z;; at the receiver termination. This is
represented by S;,°"|,; and used to evaluate the IMP of
the network (Zini)exp from (7). The IMP constitutes two
equations (26) with constants &, and ¢&,. These are repre-
sented byf{(ZINl)exp:ZLl} = &1, in the flowchart.

AZL1+B_C(ZIN1) ZL]_D(ZIN]) =&, (26)

exp exp

Next, a RC is simulated with the star branch placed
in an arbitrary position with the length of MO given by L;.
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Experimental

T,

ner:TjXTstarXT

Reference Channel

f{(ZlNz)r,uf-Zl,z} =&34

Evaluation & Validation

Fig. 6. The flowchart for computation using single load.

The line parameters of the cable in the simulation must be
the same as the experimental network. The IMP (Zino)l et
of this network is obtained from the modeled ABCD matri-
ces and constitutes the third and fourth equations as given
by (27)

AZ )+ B~ C(ZINZ)fef Z, _D(ZINZ)r/ef = &34 27
The load at the termination in the RC is taken to be
71, and the equations are represented by f{(Zino)res Zio} =
&3,4 In Fig. 6. Equations (26) and (27) are analogous to (17)
and (18), respectively. As before, the 5>, parameter is com-
puted solving the four equations using the modified GEM
and is denoted by (S;|;) in the flowchart. As the position of
the star branch in MN is not known, such a computation is
carried out with N number of RCs with different lengths of
MO. If j < N, the next value of the length L, . | is taken and
the same procedure is followed to give the computed S,
parameter. From all the computed S,, parameters, the final
value is obtained by estimating the minimum at every fre-
quency as given by (28).
S2l |comp: (S21)I<j<}v ‘min . (28)
It must be noted that only for the RC that has a similar
topology as the unknown channel is the computation suc-
cessful. The ABCD solved in such a case will give the
required S,; parameter. The computed parameters are com-
pared with the experimental one to give the efficiency
parameters.

5.3 Validation of the Single Load Method

The single load method is validated for all the test
channels PL,—PL,4. For this, the experimental reading of
the S;; parameter for only one load is taken and computed
with N number of RCs. Figure 7(a) shows all the computa-
tions when L; is changed between the two extremities in the

RC for PL; and denoted by ‘All computation’. It is seen
from the figure that a large number of notches concentrate
on the actual position and the minimum at every frequency
gives the final ‘computed’ value. Figure 7(b) shows the
normalized plot of the experimental and final computed
parameter. It is seen that the a high (rg;), of 0.532 and
a mean Af of 0.33 MHz is obtained. Figure 8 shows the re-
sults from the other test channels as well. In all the cases,
the computed value shows nearly similar variation as the
experimental. Similar computations are performed for
channels with branches having frequency dependent loads
namely

1. PLs: One branch AB having a capacitive load (10° uF).

2. PLg: One branch CD having an inductive load (90 pH).

3. PL;, One branch AB with parallel RLC load (10 kQ,
90 uH, 5 pF).

Figure 9 also shows the results for these test channels.
Table 2 notes the efficiency parameters for all the channels

-40 :
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o -60f . h 1
o

I
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z 0
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£ -15f
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h=X

o 25 :

10 20 30 40 50
Freauencv(MHz)
Fig. 7. The magnitude of S>; for estimation using one load for

the test channel PL, shown for (a) all computations
using all the reference channels considered and the
computed using the minimum at every frequency;
(b) normalized experimental (Exp) and the computed
(Comp) values.

i
10 20 30 40 50
Frequency(MHz)

Fig.8. The experimental (Exp) and computed (Comp)
magnitude of S,; (normalized) for the test channels:
(a) PL,, (b) PL; and (c) PLy when evaluated using one
load technique.
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Fig.9. The experimental (Exp) and computed (Comp)
magnitude of S, (normalized) for the test channels:
(a) PLs,(b) PL¢ and (c) PL; when evaluated using one
load technique.

Parameters| PL, PL, PL; PL, PLs PLg PL,
(rs21)m 0.532 | 0.517 ] 0.521 | 0.546] 0.793 | 0.500 | 0.501
AffMHz) | 0.330 [ 0.50 | 0.367 | 0.147 ] 0.840 [ 0.980 | 0.255

Tab. 2. Correlation and mean Af for different test channels in
case of evaluation using one load condition.

considered. A high correlation and low deviation
(4f<1 MHz) is obtained showing that the proposed method
is valid both loaded and unloaded branches in the network.

6. Statistical Analysis of the Method

In order to perform a statistical analysis of the validity
of the method and also for different cables, random chan-
nels are constituted and verified using the flowchart shown
in Fig. 10. The channels are constituted for a multi-tap,
multi-branch system with all the variability like number of
branches, lengths of branches and TL, type of loads etc.
selected randomly. The loads at the branches are taken to
be capacitive (C), inductive (L), resistive (R) or RLC cir-
cuit (parallel) loads. The values of the loads are within the
ranges given by C € (0.1, 0.47)minmax MF [13], L € (0.1,
100)minmax mH [13] and R € (0, 105)min,maxQ [13] given in
the papers. For RLC loads, the resistance at resonance R,
the quality factor Q, the angular frequency w; and the fre-
quency at resonance f; vary within limits R € (200, 1800) Q,
e (2,28) MHz and Q € (5,25) [13]. These random
channels are the networks whose S,; parameters need to be
computed from single port measurement. The channels are
taken analogous to experimental unknown channels though
in simulation only as practical networks are not available.
For each random channel, two quantities are evaluated
using the net ABCD matrices. The net ABCD matrices are
given by T =T \xT>x..... where T; and 7, are the matrices
of the cascaded sections and so on. The first is the S,; pa-
rameter from (5) and the second is the Zy from (2). The S5,
parameter obtained is taken as the ‘actual’ as if it were
from the experimental readings. The two quantities are

denoted by Syi|actwar @0d  (Ziy1)randoms respectively. It is
required to evaluate Sy|yua using only the information
about (ZiN1)random- This IMP is used to constitute the two
equations as given by (29). This equation is similar to (26)
though in simulation only and is written as
A (ZinDrandom Z11} = €152 In the flowchart. As before, the
other two equations (30) are constituted using the RC and
denoted by f{(Zin2) ret Z12} = €354

AZ, +B - C(ZINI) Zy, - D(ZINl)random =& 29

random

AZLZ +B_C(ZIN2 )j ZLz _D(Zer)j

ref ref

=g, (30
Solving these four equations using the modified GEM
method, the S,; parameter is computed for multiple RCs
and Si|comp €valuated using (28). This is done for 250
numbers of random channels. Figure 11 shows the nor-
malized 51 |comp and Syi]actar for one of the channels. It is
seen that a high correlation of (75),~ 0.81 and a mean Af
of 0.1 MHz is obtained. Similar analysis is done for cables
referred in papers [9] (Cables C1-C6). Table 3 gives the
mean (rs), and mean Af of the channels generated. It is
seen that for all the cables, (rg1)n, is large and Af'is small.

Random Channel

=T xT) x...

Validation

ald

net

SZ 1 |actual

Reference Channel

Reference Channel

|f{(zm | »Zu} =&, | f{(ZINZ )]lLf ’ZLZ} =84

S21 |comp

Fig. 10. The flowchart of the method for statistical analysis of
random channels.

(ZIN 1 )rmldom

Random Unknown Channel

0
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D a0l % ¥ i Y %
‘.\sz1lcomp S21|a<:tua|
-60 I I I I
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Fig. 11. The normalized S,, parameter (actual and computed)
for a random channel generated.

Cable[9] | L@H/m) | CFm) | (@) |  (sam Af (MHz)
Cl* 0.69 38 135 0.637 0.261
C2 1.08 15 270 0.681 0.452
C3 0.96 17.5 234 0.623 0.293
C4 0.87 20 209 0.613 0.212
Cs 0.78 25 178 0.643 0.268
C6 0.68 33 43 0.657 0.207

*Present Cable

Tab. 3. Mean correlation and mean Af for different cables.
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7. Results and Discussion

The proposed method enables the notches in the Sy;
parameters to be computed from S;; and is verified for
a number of channels and cables. Though the correlation
(rs21)m 1s low at times, and the overall magnitude differs,
the position of the notches can still be determined within
a limit of error giving an idea of the FS. The S}, and Sy,
parameters cannot be evaluated using this method, but it
suffices to know the S,; as this is related to the TF and of
considerable interest for communication. The success of
the method is because the position of the notches is inde-
pendent on the load at the terminations but is primarily
dependent on the branches which remain unchanged for
different load conditions. The modification of the GEM has
enabled the evaluation of the frequency dependency of at
least A and C. Figure 12 shows the plot of the absolute
values of the A, B, C and D evaluated from the experi-
mental S parameters (Acxp,BexpsCexpsDexp) and solving the
equations (Acomp,Beomp»CeompsDeomp) for the case (1,1,2,2) in
PL,. The former are obtained from the reverse formulas of
S parameters to the ABCD matrices [21]. It is seen that the
modification of the GEM has resulted in constant values of
Beomp and Domp but the Acom, and Ceomy, follow the experi-
mental counterparts having a high correlation coefficient of
0.7268 and 0.6793, respectively with them. When the four
values are substituted in (5), the frequency dependency of
Acomp and Ceomp enable the frequency dependency of S, to
be obtained even when Beomp and Deomy have constant val-
ues. As the requirement is get an idea of the FS, this ap-
proximation suffices. In the computation, the values for ¢,
are arbitrary and result only in a change in the magnitude
of the computed value of S,; keeping the frequency de-
pendency same. The constant J also changes the magnitude
of the evaluated parameters. Though 6 = 10" in the com-
putation, the use of J=1, causes the magnitude of the
computed Sy, to be very nearly equal to the experimental
value. The two-load condition is successful only if the 7,
satisfies the required conditions and requires the load be
selected carefully. However, the one load condition re-
moves this problem and enables determination of notches
even when it is unsuccessful for the former (for example
with PL,). For successful one load computation, it neces-
sitates that 4/ and AL is as small as possible. As the line
parameters L and C are the prerequisites of the star net-
work used as reference, it is required that these parameters
be determined as accurately as possible. The method pro-
posed is tested for channels that are time invariant in na-
ture. Considering the case that PL channels are slowly
varying channels, a continuous analysis of S;; would ena-
ble evaluation of the S, parameters for time varying chan-
nels also.

8. Conclusion

In this paper, a method for estimating the characteris-
tics of a PL channel specifically the FS is presented where
atwo port parameter can be obtained from a single port
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Fig. 12. A comparison of the magnitude of the experimental
(Exp) and computed (Comp) values of ABCD matrices
denoted by (AcxpsBespsCexpyDexp) and
(AcompsBeompsCeompsDeomp) ~ Tespectively in the case
(1,1,2,2) of PL,.

measurement. Using this procedure, alternate methods of
S,; estimations can be done as far as the notches are con-
cerned. Use of channel estimation that is simple will surely
accelerate use of PLC by detecting the notches easily for
suitable mitigation.
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