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Abstract

Estimation of network |oading conditions can assist the pre-
diction of channel behavior between any two communicat-
ing devices on a power line network, thus making the use of
more efficient adaptable transmission techniques feasible.
This paper presents a method for performing impedance es-
timation of termination loads connected to a power line net-
work by utilizing channel training data sequences. The net-
work is considered as a set of multiple point-to-point links,
whose characteristics are affected by the loads connected to
its termination points. Their transfer functions can be used
to determine the reflection and transmission coefficients at
all points of discontinuity on the network and finally, to es-
timate the connected impedances. The limitations of the
proposed method are analysed and an exampl e that demon-
strates the method' s effectivenessis presented.

1. Introduction

Achieving high-speed data transmission and improved
performance in power line networks requires the use of a
flexible transmission technique that adapts its characteris-
tics to the underlying channel conditions [1]. Such a com-
munications system depends on the development of an effi-
cient, real-time channel estimation method [2], [3]. Loads
connected or disconnected from the network and |oads that
change their characteristics as time progresses, introduce
noise and affect the channel’sresponse, resulting to itstime-
varying behavior. Thus, unlike other communications sys-
tems, such as xDSL, channel training in power-line net-
works should be performed both during system initializa-
tion and periodically during normal data transmission [4].
The process of initial channel training estimates the trans-

This work was partially supported by the “Karatheodoris’ R&D pro-
gram of the University of Patras and Project 00BE23 entitled ‘High Speed
Transmission Technology over Residential Power Lines' of the Greek Min-
istry of Industry.

tDepartment of Electrical Engineering
and Computers Technology
University of Patras, 26500 Rio, Patras, Greece
Phone: +30-2610-996-487, Fax: +30-2610-996-834
E-mail: antonako@ee.upatras.gr

mission conditions and requires a long duration in time,
sinceit is performed only once, beforethe devices start their
actual data transmission. However, periodic channel esti-
mation, referred to as inbound channel training, could be
performed using training sequences injected into the user
data and should be implemented in a manner that avoidsthe
addition of substantial overhead. Efficient inbound chan-
nel training should enable detection of the changes in the
channel’s response, relative to the previous estimates, and
restrict the added overhead to the minimum possible.

This work focuses on the initial channel training and
presents a method that determines the original loading con-
ditions of the network, using the measured channel re-
sponse, which depends on the network topology, the physi-
cal medium characteristics and the termination impedances.
Initial channel training is performed either during network
power-up or during normal operation, in case the commu-
nicating devices need to recal cul ate the channel’ s frequency
response. Themethodisappliedtoall devicesthat areactive
during the initial channel training process and can be ex-
tended to any new device that is activated during datatrans-
mission. It is based on the exchange of predefined training
seguences between any transmitter-receiver pair. The re-
ceived segquences are collected and processed to determine
the response of every point-to-point connection on the net-
work. Thisinformation is then used as the input to an algo-
rithm that analytically relates the channels' responsesto the
network topology, its physical characteristics and its load-
ing conditions.

Section 2 presentsthe channel training method used dur-
ing network initialization and the representation of each
point-to-point link as aset of FIR filters. The network topol-
ogy isdescribed in Section 3. Section 4 presents the method
used for network loading estimation, based on its topology
and FIR filter coefficients, as well as an analysis on the
method’s accuracy. Finaly, Section 5 demonstrates the use
of the proposed method on a small-scale network and gives
analytical results.



2. Channel Training

In every communications system, it is aways neces-
sary to use some start-up procedures in order to adapt the
receiver’s circuits to the channel conditions. These proce-
dures include gain control, channel identification, equaliza-
tion etc. Channel identification is required in order to mea-
sure the channel’s impul se response and the power spectral
density of existing noise. In cases where multiple subchan-
nels are used simultaneously, multitone channel identifica-
tion is used to directly estimate the conditions on each sub-
channel. In order to perform channel identification, aknown
training sequence, =z, is transmitted and the sequence of re-
ceived symboals, y, is assembled at the receiver side.

The power line network can be considered as a SIMO
(single input multiple output) system, since in a network
with m connected devices, channel training is performed
according to the following procedure: All communication
devices coordinate their operation using a low speed chan-
nel, called the control channel, which is not included in the
data transmission frequency range. All devices temporar-
ily seizetheir actual datatransmission (if channel retraining
has to be performed) and sequentially transmit the prede-
fined training sequence. This sequence, transmitted by one
device, isreceived by the remaining m — 1 devices. At the
end of the training process, each device has acquired m — 1
sequences of received symbols, representing the m — 1 pos-
sible sources of information during normal network opera-
tion. Device usesthereceived y; ; (1 < j < mand j # 1)
data sequences from all other devices and the training se-
guence x, to estimate the coefficients of an order-N FIR
filter that describes the respective point-to-point link. Then,
the filter coefficients collected at each termination point are
either transmitted to a central processing unit or distributed
to all communicating devices, using the control channel. In
any case, using the information gathered by every device,
the termination impedance estimation method, described in
the next section, is performed and all communicating de-
vices are informed about the load impedances and the re-
spective reflection coefficients. Using this information and
inbound channel training, each device updates its estimate
of the network termination loading and adapts its receiver
circuits accordingly. Noise estimation, in terms of noise
variance of each subchannel, can also be performed during
channel training, but is not discussed in this work.

In order to perform synchronization, channel identifi-
cation and timing verification, the training sequence used
consists of three consecutive sub-sequences. Each one has
suitable characteristics for performing the respective task.
Channel identification is implemented using a sequence
with white noise spectral characteristics (at least in the fre-
guency band of interest) and is generated by repeating a PN
sequence of length L > N [2]. The analysis divides the
frequency band into several subchannels, each one of which

is considered to have a constant frequency response during
channel training. An LMS adaptive algorithm is used at
each receiver for estimating the FIR filter coefficients.

3. Indoor Power Distribution Network Description

We study the indoor power line network as a multi-
path environment, where delayed replicas of the transmit-
ted signal reach the receiver with different amplitude and
phase characteristics. These multipath signal components
are caused by reflections on channel discontinuities, such
as termination loads and line junctions. Analytical calcu-
lation of the multipath effect in the indoor power grid is
feasible due to its loop-free topology and its bounded com-
plexity. Thus, the multipath effect can be traced back to the
channel’s physical characteristics by calculating cable loss,
reflection and transmission coefficients. Considering L dif-
ferent propagation paths between any two communicating
devices, the channel impulse response can be calculated as
the summation of the received signal components, accord-
ing to:

L
h(rt) =Y {rieie s (t—7)} (1)

i=1

where re’% isthe complex reflection factor of path i, e =7
isthe propagation factor, which depends on the path’slength
l; and the propagation constant v, and 7 = [; /v isthe path’s
delay, based on the group velocity of propagation v. The
reflection factor is the product of all reflection/transmission
coefficients of path i.

The indoor power grid can be described using the fol-
lowing parameters: termination impedances, line section
types and lengths. For each type of cable, the characteris-
tic impedance Z, and the propagation factor v of the line
can be calculated through transmission line theory equa-
tions, using the cable primary parameters (R', L', C’, G")
[5]. Network description matrices comprise information
such as the number of termination points and nodes (where
branches begin), their connectivity, line section lengths and
cable characteristics (Z and ) [6].

Consider a network with m termination points 7'; and
n nodes C;, which is described by the matrices TC[mxn],
CC[nxn], LT[mxn] and LC[nxn]. The matrix TC[mxn]
describes the interconnections between termination points
and nodes. Each line corresponds to a termination point 7°;
and each column to anode C;. Element T'C(z, j) is equal
to one when a connection between T’; and C; exists, or zero
otherwise. The matrix CC[nxn] describes the interconnec-
tions between the internal network nodes. Each line and
each column correspond to a certain node C;. Non-zero
elements CC(i, j) imply a connection between the corre-
sponding nodes, whereas zero elementsimply no direct con-
nection. Since nodes cannot be connected to themselvesand



C;C; = C;C;, the matrix has zero diagonal, and exhibits
symmetry around it. The LT[mxn] matrix is generated by
replacing the non-zero elements of T'C matrix with the cor-
responding lengths iz, ¢, . The LC[nxn] matrix is generated
by replacing the non-zero elements of CC matrix with the
corresponding lengths /¢, c,. The LC matrix is also sym-
metric around its diagonal. The above network description
matrices are used by the termination impedance estimation
method, presented in the following section.

4. Termination Impedance Estimation M ethod

The proposed method relates the channel impulse re-
sponse, between any pair of communicating devices, to the
impedances connected at every network termination point.
Estimation of network loading is based on the estimation
of the reflection and transmission coefficients at every point
on the network (both termination points and internal nodes),
which are related to the network termination impedances.
The method estimates the first L paths of every point-to-
point connection on the network, based on the anticipated
order of arrival of the corresponding signal components.
This process uses the network description matrices pre-
sented in the previous section to forecast the possible sig-
nal iterations and calculate their propagation delay and loss.
Overlapping paths, that correspond to the same transmis-
sion delay, give a response equal to the summation of their
complex factors. The method proceeds with the estima-
tion of the channel (point-to-point connection) frequency
response using an a priori known training sequence as in-
put and the corresponding measured output sequence. Al-
though the power line suffers from frequency selective fad-
ing, its response can be divided into several subchannels,
with afairly constant frequency response. Based on (1), the
theoretical frequency response for subchannel % is:

L
Hy, = ZT.Z_k'ejeik'G_Wkli.e_jQWfTik 2

=1
The channel response can be modeled using multiple FIR
filters of order L, as shown in Figure 1. In that case, the
response of subchannel & is given by thefollowing equation:

L-1
Hi titter = Z big.2"" (3
=0
where each FIR filter corresponds to a subchannel of con-
stant response. The presented method utilizes a general
equation error method to identify the best model from the
frequency response data, for every subchannel. The general
expression used for this purposeis given by:

N
min Z w(i)-[H(f()-A(f(0)) = BUF@O)* 4

Out

Figure 1: Multipath channel model using multiple FIR fil-
ters. Each FIR filter represents a single subchannel.

where f (i) isthe N point frequency vector, w(i) isaweight
function, while A(f(¢)) and B(f(¢)) are the Fourier trans-
forms of the polynomials a and b respectively. Details for
the eguation error method are given in [7]. Given the re-
quested filter order L and that ¢ = 1, since an FIR filter is
considered, the polynomial coefficientsb; are estimated.

The estimated filter coefficient b;; corresponds to the
it" path complex weighing factor of subchannel k, which
equalsto the product of the path’s reflection factor r ;,.e7%
its propagation loss e~ and its propagation delay
e~ femik  Thus, a system of L equationsis formed, from
which the network reflection/transmission coefficients can
be derived. The method repeats the above process for every
frequency subchannel and for every point-to-point connec-
tion. In order to expedite the process of network coefficient
estimation, an efficient system of equations can be formed
using only thefirst arriving path of each channel, thusform-
ing asystem of m(m — 1) linear equations. These equations
are supplemented by the equations formed when the next s
arriving paths of one of the estimated channels are used,
where s is the number of internal nodes that are directly
connected to one or more termination points.

Having estimated the network reflection coefficients
at every network point, those that correspond to the net-
work termination loads are used to calculate the respective
impedances. Therefore, each termination impedance can be
calculated by combining the results of training from all pos-
sible transmission channels.

Estimation of the initia network loading conditions
along with periodic inbound channel training facilitate
the detection of new loading conditions. In the previ-



ously described method, it was assumed that all termination
points of the network contain, at least, a communications
transceiver.

4.1. Analysisof the Method’s Accuracy

Theload impedanceis estimated using the following re-
lation: )
— ®)

P
where p is the reflection coefficient at the respective termi-
nation point, and Z is the characteristic impedance of the
transmission line.

If Ap is the error on the estimation of the reflection
coefficient, AZ, is the estimation error of the characteris-
tic impedance and p is the estimated reflection coefficient
(p = p + Ap), then the estimation error of Z 1, is given by:

AZr AZy

71 = Zo

ZL = Pel + Z—OpeQ (6)
where
2Ap
Pel =
T (I—p—Ap).(1+p)
and

Dy = (L+p+Ap).(1-p)
“ (A-p—2p).(1+p)

The method'’s accuracy depends not only on the reflec-
tion coefficient estimation error, but also on the value of the
reflection coefficient itself and the estimation error of the
characteristic impedance. Factor p.; is independent of Z
and determines the estimation error when an accurate es-
timate/measurement of the characteristic impedance exists,
while factor p.o determines how the error on the character-
istic impedance affects the estimation accuracy of the termi-
nation impedance.

If AZy = 0, the estimation error of Z 1, is equal to the
estimation error of p when:

2
_2 1(1 +p) 0
+p

For each value of p, which corresponds to specific val-
ues of Z; and Z,, there is a specific value of Ap that sat-
isfies (7). Aslong as Ap remains smaller than this value,
the relative estimation error of Z;, (6) is aso smaller than
the relative estimation error of p. However, when Ap ex-
ceeds this value, the relative estimation error of Z; be-
comes greater than the rel ative estimation error of p. Figure
2 presents the above two cases. The unshaded area corre-
spondsto thefirst case, while the shaded correspondsto the
second one. It can also be stated that as p — 1, themethod's
accuracy decreases rapidly. This however, is an impossible
condition, since it has been assumed that each termination
point has, at least, acommunication device attached to it and
therefore, all termination impedances are equal or smaller

than the transceiver impedance.
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Figure 2: The method's accuracy.

5. Simulation Results

In this section we consider a rather simple network,
shown in Figure 3, in order to give a detailed description
of the proposed method.

T,
) T,
[13m] [6m]
C
- )
C, [17m] _[5m] (11m] T 4
[4m] <2
OT, [7m]
€ Ts

Figure 3: The experimental network.

The network under consideration comprises type
HO5VVF (3x 1.5 mm?) cables[5], which, in the frequency
range of 1to 5 MHz, have the characteristic impedance Z
that is shown in Figure 4. The network hasm = 5 termina-
tion points and » = 3 nodes and it can be described using
the following matrices, as defined in Section 3:

1 00 4 0 0
100 13 0 0
TC=|0 0 1 LT=| 0 0 6
0 01 0 0 11
010 0 7 0



01 0 0 17 0
CC=|1 01 LC=| 17 0 5
01 0 0 5 O

Based on the channel training results, each communicat-
ing device, located at the network termination points, uses
the received ;. data from al other devices and the train-
ing sequence z to estimate the coefficients of an order-V
FIR filter that describes the respective point-to-point link in
a certain frequency subchannel. The estimated magnitude
and phase of the first coefficients of all FIR filters at 2.75
MHz are presented respectively in the following matrices:

0 0.854 1.196 0.982 0.829
2.680 0 2.921 2.400 2.025
M= | 0.350 0.272 0 0.547 0.512
0.367 0.285 0.702 0 0.537
0.581 0.452 1.230 1.007 0

[ 0 0.106 —1.011 -0.689 —0.393 -|

—0.187 0 —1.545 -1.223 -0.930

P=| -0321 -0.561 0 0.619 —0.409
—0.267 —0.506 0.352 0 —0.353
-0.429 -0.668 -1.131 -0.809 0

Each line corresponds to the termination point where
the data sequences are injected into the network, while each
column correspondsto the termination point where the data
sequences are received from the network.

Therefore, based on the analysis described in [6], the
reflection coefficients at every termination point are esti-
mated for each subchannel and using the respective values
of Zy, the load impedances are calculated. The reflection
coefficients are estimated using the first coefficients of
al FIR filters and the next 3 coefficients of only one of
the point-to-point channels. The values of the reflection
coefficients at all termination points at 2.75 MHz and for
Zo = 6.3269 + j0.1246 are given by:

Theoretical Estimated Error(%o)
0.8735+ j0.1535 0.8758 4 j0.1545  0.6515
0.4452 — j0.2312  0.4484 — 50.2290 0.9516
0.8569 4+ j0.0851 0.8578 4+ j0.0913  7.2855
0.4204 + j0.5473 0.4231 + j0.5538  1.1876
0.7103 + j0.2385 0.7028 + j0.2555  7.1279

Figure 5 demonstrates the simulation results of the
previously described network for various termination
impedances. For each termination point, the two subfigures
correspond to the impedance magnitude and phase respec-
tively. The solid line representsthe theoretical values, while
the circular symbol (°) correspondsto the estimated value at
the specific frequency point.
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Figure 4: The Z, in the frequency rangeof 1to 5 MHz

Theseresultsindicate that the proposed method can esti-
mate the network impedances very accurately, in magnitude
and phase, as long as the conditions described in subsection
4.1 are satisfied. Comparing the results of Figure 5 with the
estimations of the reflection coefficients for loads at 7'; and
T, we conclude that even though the coefficients estima
tion error is about 7%, the respective impedance estimations
present amuch smaller error, whichisin agreement with the
analysisin subsection 4.1.

6. Conclusions

In this paper, we presented an analytical method for es-
timating the impedance of loads connected to a power line
network. The method, which is based on channel response
measurements taken during channel training, estimates the
reflection coefficients at every network termination point
and finally cal cul ates the connected load impedances.

During normal network operation, the channel behavior
between any two communicating devices can be continu-
ously determined, using the proposed method and new net-
work loading estimates, extracted during inbound channel
training. Therefore, the use of adaptable transmission tech-
niques becomes applicable.
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