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Abstract — The issue of load impedance characterization in theresi-  the form of appliances connected to the AC outlets) as the
dential environment isaddressed in thiswork. Thetransfer functionof ~ sources of various disturbances and the cause for the network’s
any point-to-point link on any indoor power line network dependson  time varying characteristics. This conclusion is drawn from
the communications characteristics of the mediumand the presenceof  the observation that the loads are the main varying factor in
residential loads, in the form of electrical appliances. Measurements  the power line communications environment, since they may
of the transfer function variations on an experimental set-up, caused )36 the Jocation of their connection or alter their impedance
IV)Z]32oﬂlt(;ior:;eﬁggnﬁnaih:zﬁpgranwzenggmongztﬂﬁgﬁ charaqteristic_s during opera_tion. Ample infqrm:_:ttion can be
impedance identification and anaJyzétheir accuracy and performance foupd |n.the Ilter_ature regarding the cha.racterlzatlon of several
limitations. residential appliances as sources of disturbance [1], [2], [3].
On the contrary, investigation of their impedance as a function
Keywords — Power-line Communications, System Identification, ~ Of frequency is very limited [4], [5]. This task is mainly hin-
Impedance Measurements. dered by the presence of the mains voltage, when performing
measurements on operating appliances.

I. INTRODUCTION In this work, we propose two new heuristic methods of
load impedance characterization in the residential environ-
In a time of increasing demand for broadband communiment. The proposed methods are based on time domain mea-
cations services in the Home/Office environment, the idea glirements, performed on a suitable experimental set-up. The
transforming the indoor power grid, from a purely mains distriacquired measurement results are processed using algorithms,
bution network, into a medium delivering high speed data sespecifically developed for power line channel identification and
vices, appears particularly attractive. The motivation for sucinpedance load estimation.
an aspiring effort originates from its ubiquitous node availabil- | the following section the measurement setup is described
ity, even in areas with limited twisted-pair and coaxial cabl@nd details are offered on the measurement methodology. Sec-
installations and poor radio coverage, which makes the indogpn |1 elaborates on the algorithms of data processing that
power grid a potentially convenient and inexpensive "no Neykad to the impedance characterization of the load under mea-
wires” candidate for data transmission. Consequently, duringrement, while section IV presents an insightful analysis on

the last few years, focus has been placed on the developmgqd procedures’ accuracy, limitations and experimental results.
of sophisticated transmission techniques, in order to mitigate

the influence of the principal impairments on power line chan-

nels: varying attenuation, multipath frequency-selective fad- Il. EXPERIMENTAL SETUP AND MEASUREMENT

ing, multiple access interference, background and impulsive METHODOLOGY

noise. It is, therefore, justified to consider that gathering in-

formation about the factors that cause the power grid’s unfa- The proposed methodology of load impedance estimation

vorable behavior is critical to the development of reliable higls based on the concept of using the measured response of a

speed data communications algorithms. low-complexity power line topology, where the unknown load
The indoor power line network has been characterized @&s connected, along with its analytically calculated equivalent

a multipath propagation environment, whose response can teeestimate the undefined impedance. Therefore, the proce-

traced back to its topology, cable properties and terminatiature is primarily divided into the measurement and the post-

loading. It is vital to recognize the indoor electrical loads (irprocessing stage.
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Fig. 1. The experimental measurement setup.

The measurement setup used in our methodology is baseally constant in the respective frequency range. The level of
on the experimental network presented in Fig. 1. The netwotkis constant response depends on the impedance of the con-
comprises four line sections of particular lengths, connectetected load. Therefore, the generated sequences were confined
to a common junction. It is constructed using common rege each subchannel’'s frequency range, to ensure that the sys-
idential power line cables, whose communication propertiegem’s excitation is limited to the corresponding band.
namely the characteristic impedangg and the propagation
constanty, must be known in advance. The network is supplied Ill. IMPEDANCE LOAD ESTIMATION ALGORITHMS
with 230V AC through a high-current passive low pass filter

(LPF), connected to one of its termination points, which iso; Impedance estimation of the load under measurement is
! P ' bﬁsed on an analytical method of calculating the power line

lates the experimental setup from external interference. Two Q , L ; .
annel’s response by analyzing it as a multipath propagation

o o ) C
the ,reT“a'”'”g terminations function as the measgrement SY¥hvironment [6]. The analysis relates the frequency selective
tem’s input and output nodes, where the power line commu;

channel behavior to the network’s topology, the cable’s physi-

nications (PLC) transceivers are connected. The transcelvecrgj properties and the termination loading.

include suitable coupling circuits for their connection to the Prior to the discussion on the algorithm’s details, we briefly

power gnd: The coupling circuits e>§h|b|t flat response and IInaescribe the analytical process through which the indoor power
ear phase in the frequency band of interest and their |mpedar]l%% network is modelled as a multipath propagation environ-
characteristics are well defined. The transceivers communicaﬁc]eem where delayed replicas of the transmitted signal reach

with local processing units, which perform generation of thﬁﬂe receiver with different amplitude and phase characteristics.

input data sequences and post processing of the received chﬁq- , . '
. ese multipath signal components are caused by reflections
nel output sequences. Finally, the load under measurement ter-

minates the remaining line section on channel discontinuities, such as termination loads and line
. . 9 ) . d’unctions. Analytical calculation of the multipath effect in the
The line section lengths have been properly selected in of-

der to facilitate the measurement analysis. In particular, tHndoor power grid s feasible due to its loop-free topology and

following issues were addressed through the appropriate sel |Fs_bounded complexity. Thus, the multipath effect can be re-
) 9 ) 9 pprop f&ted to the channel’s physical characteristics by calculating ca-
tion of cable lengths:

ble loss, reflection and transmission coefficients. Considering

o The low pass power filter exhibits minimal impedance.™,. . L
characteristics (almost as a short circuit in the MHz band different propagation paths between any two communicating
and therefore its effect on the signal propagation path evices, the channel impulse response can be calculated as the

need to be minimized through a relatively long cable conzt™M of the received signal components, according to:

nection. I
« The line section lengths should be chosen with regard to h(r,t) = Z{Tiejei e g (t—1)} 1)
the cable’s properties, so that the number of significant =1
propagation paths is minimized to aid the calculations in-
volved in the estimation algorithm. wherer;e’% is the complex reflection factor of pathe =% is

The data sequences, used for executing the experimenta propagation loss factor, which depends on the path’s length
measurements, are carefully generated in order to ensure thend the propagation constant= « + j3, andr; = I;/v
desired accuracy on the estimation of the measured impedang¢he path’s delay, based on the group velocity of propagation
load. Due to the channel's frequency selective behavior, the = w/3. The reflection factor is the product of all reflec-
measurement and estimation process takes into consideratimm/transmission coefficients on path
that the frequency band of interest has to be divided into a Although the propagation paths contributing to the chan-
number of consecutive subchannels. The bandwidth of eankl’s output are theoretically infinitel,. — oo), considering
subchannel is selected so that the network’s response is praetimore practical point of view, it can be educed that as the



length of a path increases, more reflections occur, the attetfata sequences. The ARMAX,,, ny,, n.) model parameters,
uation level rises and therefore, the path’s contribution to th@escribed in (3), are estimated using the least-squares criterion:
overall received signal decreases. As a result, the multipath

effect can be bounded to a finite number of significant paths. Alq)y(t) = B(q)u(t) + C(g)e(?) ®3)
Selection of this number is based on a component power ¢ Lyt) = u(t —1), A(Q) = L+ a1~ + oo + an, g™,

X ! ; T Cihereq—u
terion: we consider the total signal power, calculated using g( Y= 14b1g 4 o+ bnyq™, Clq) = 1+ c1q~ + oo +
= O L =

very Iarhgehnumbgr of pathi(',;.m) and sele(;[ the first paths cn, g™ andu(t), y(t), e(t) represent the system’s input, output
to reach the receiver as significant, when their aggregate powgf oo sequences respectively.

is at least equal to a predefined threshold level (e.g. 96%) [1], Since the residential power line channel can be described

when compared to the total power: by an FIR model for each subchannel, it is valid to consider
L ng, = 0. Selection of a suitable ordey, is based on perform-
3 |hi)? ing an analytical estimation of the system’s order and setting
Li:1 > 0.96 ) _to be larger than any worst case projection: sir_10e i_n our exper-
maa 2 imental setup the topology, wiring and transceiver impedances
‘1

are known, we use the analytical calculation method of [6] in
order to estimate the channel’'s impulse response when a vari-
whereh; is the multipath component that corresponds to thety of known impedances are connected in place of the load
ith path andh,|? is its power magnitude. under measurement. Therefore, we derive an estimation of the
Since the factors involved in (1) comprise frequency depem@xpected system order, which can be used in the identification
dent variables, each specific frequency corresponds to an ingrocess.
vidual response of this form. Therefore, we may conclude that Using the analytical calculation of the channel’s response
the frequency response of any point-to-point communicatiorier a known connected impedance, we can genergaréal’
channel can be modelled as the sum of FIR filters with confesponse by excluding all the path coefficients that involve re-
plex coefficients. The filters’ order depends on the line sectiditections on the connected load. The remaining impulse re-
lengths, the propagation characteristi€s,(y) and the selected sponse coefficients represent the various propagation paths on
sampling frequency. the network that are not affected by the measured impedance
Two main heuristic approaches on the channel estimatid@ad. Itis clear that the value of the known impedance used
procedure are described in this section. Both approaches pdhe initial calculations is irrelevant to the estimation accu-
based on the experimental results, collected using the seti@$y.- Comparing thispartial’ analytical response with thes-
presented in the previous section. The first approach is baséated’ impulse response obtained through the measurement
on the ability to describe the channel’s behavior, in each pad identification process, we derive the impulse response co-
ticular subchannel, as a time domain tap delay filter. The me€fficients, referred to dsoad inclusive’, which represent paths
surement data are used to identify the channel's impulse pwith reflections on the connected load. Each of these coef-
sponse corresponding to each subchannel, while the algoritigients corresponds to the difference between estimated
performs an analytical calculation of its impulse response, efnd &' partial’ coefficient of the same propagation delay. Us-
cluding the effect of the load under measurement. Comparisé#g the propagation delay to identify the path (signal itinerary

of the two sets of response coefficients offers adequate infdtD the network) related to eattvad inclusive’ coefficient, we
mation in order to estimate the load’s impedance. form an equation, which can be used to estimate the load’s

The second approach does not depend on the identiﬁ({g_ﬂection coefficient and consequently its impedance. The im-

tion of the channel’s impulse response, but solves an analytid2fIS€ response comparison is illustrated in the diagram of Fig.
equation, based on the measurement data and the coefficienty/hile the algorithm's flowchart is presented in Fig. 3.

that correspond to the significant propagation paths. Using an ~O' clarification purposes, we present a possible form of
iterative algorithm, the number of significant paths are identPUCh an equation. Assuming that the fitsed inclusive’ co-
fied and the converging solution is selected as the final estim@{ficient(A:) corresponds to the first propagation path that in-

tion of the load’s impedance. Details on both approaches a¥8/Ves a single reflection on the load under measurement (
given in the following subsections. Ty — €1 = Ty — €1 — T), the derived equation is:

.
Il
-

. o Al = TC, -PT5-TCh .TT2.€7alp1 (4)
A. Impulse response identification approach o ) o
wherer, andp,. are the transmission and reflection coefficients

The impulse response identification approach is based on at the network point indicated by indexandl,, is the path’s
the analytical calculation of network’s impulse response, ifength.
each particular subchannel in the frequency band of interest. Solving the equation produces a value for the load’s reflec-
The first step of this method uses an autoregressive movitign coefficient and therefore, using (5), its impedance is esti-
average (ARMAX) identification process on the input-outputmated.
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Fig. 2. 'Estimated’ and 'partial’ impulse response comparison. Fig. 3. Flowchart of the impulse response identification approach.
- significant paths depends on the load’s impedance, we use an
7, = : Py - Zs (5) iterative a]gorithm_that begins .by includirig, gomponents in
— P15 the equation and increases this number until one of the calcu-
) lated solutions converges to a particular value. The solution
B. Summed propagation components approach that finally converges is selected as the load'’s reflection coeffi-

Thesummed propagation components approach is based on cient and its impedance is calculated using (5).
measuring the channel’s transfer function in each frequency As an example, we take into consideration three propaga-
subchannel and forming an equation relating it to the analyticdbn paths ; : Ty — C1 — 1%, pa : T1 — C; — T3 — Cy — T and
sum of signal components. The frequency response equivalent: Ty —C; — T3 —C1 —T5—C1 —T3), which are assumed to be
of (1) for a subchannel with indexis given by: the first in order of arrival and generate the following equation:

L =~ 0l 9 il
] Hy, =gy, {70, 71,.€" "7 47, Ty T, € VP24

2: ; - n Ty C1PT3-TTy -
Hn - {'I"inejem -e ’y"li} (6) “ ! ’ ! 3 2

3 2 —Ynl
i=1 TC, -PT, - TTy-€ 73 }

(@)

In this expressiort, represents the frequency ratio of therpiq o ation is used to determine the possible solutions for the

output signal to the incoming signal at the ghanne!s Input. Thr(:‘eﬂection coefficienfpr, ). The iterative process will increase
voltage waveform measured at the transmitter point represe 2 number of considered paths until one of the solutions is

the signal components reaching the input point through m epeatedly validated, due to its convergence to a final value,

tiple reflections on the network’s discontinuities and Shou'%hich will be used to calculate the load’s impedance
be properly transformed to generate the value of the incoming |

channel input signal. This transformation depends on the par-
ticular circuitry of the transmitter and it is explained in [6]. For
the purposes of this work, we may consider that the measuredin this section, we analyze both impedance characteriza-
transfer functionH,, is related to the above channel responséon approaches in terms of accuracy and performance limi-
H,, through a suitable voltage transformation factor, referrethtions. Before we discuss each approach individually, it is
to asg,,,, useful to make a comment that applies to the load identifi-

In the signal components’ sum, every coefficient is predesation procedure, regardless of the algorithm used. The pro-
fined except from the load’s reflection coefficient. Thereforggosed impedance estimation method depends on relating the
we form a polynomial equation of the unknownp,, whose de- measured response to its theoretical equivalent, which leads to
gree depends on the number of reflections on the load includad irrefutable dependence of the method’s accuracy on the pre-
in the consideered signal components. Since the number @§ion with which the cable’s properti€<,,~) are defined.

IV. PERFORMANCE RESULTS



Therefore, prior to the application of the load characterization
procedure, steps should be taken to determine and properly cal-
ibrate the values of, and~ that will be used in the calcula-
tions. ldentification of a cable’s transmission properties is a
subject of significant complexity and is covered in [7].

The impul se response identification approach offers results
with a level of accuracy that depends on parameters such as
the utilized sampling rate, the characteristics of the input data
sequences and the impedance of the load under measurement
itself. To offer a comprehensive analysis on the method’s ef-
ficiency, we present results on the effect of such parameters %2
on the impedance estimation. Multi-sine signals with care-
fully selected phases are considered highly appropriate for sys-
tem identification in a narrow frequency band [8]. However, it
has been observed that a considerably large length of data se-
guences is necessary to obtain an acceptable level of estimation
accuracy. Therefore, we utilized filtered CAZACofistant
amplitude zero autocorrelation) sequences as excitation [9]. It
was concluded that a significantly smaller number of samples
was needed in order to achieve the desired system identifica-
tion accuracy.

The results presented in this section, were obtained for
CAZAC sequences with/ = 499, L = 1999, repeated 8
times to produce a periodical sequence of allétsamples.
Each subchannel measurement sequence was created by filter-
ing the initial broadband sequence with a high order passband e,
FIR filter, at the corresponding frequency range, and rejecting *
the initial transient part of the generated sequence. Considering
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e(t) = 0 (practically valid in a controlled and isolated mea- 0008

surement environment), we examined the effect of the sam- 1007

pling frequency £) on the impedance estimation results. It is -
noted that the sampling intervdl’y) is directly related to the 0 100
smallest identifiable reflection coefficient angle, since a phase 0z ~100 % ]

shift of one degree/1°) imposed by a reflection on an un-
matched load, corresponds to a time delay 4R~ f;), where
fi is the subchannel’s center frequency. The estimation error

on the coefficient’s angle affects the estimated impedance load Fo =50 MHe
(Z1). The extent of this effect depends on the load’s impedance

and Z,. The above conclusions can be derived by observing 0035
Fig. 4, which presents the error on the estimated impedance 003
(ez,), as a function of the impedance value, for three sam- 0025
pling frequencies (50, 70 and 100 MHz). The estimation error 002
is calculated according to: %, oo
0.01
_ 72 0.005
. 121 ZzL” ®) :
||ZL|| 100

150

This figure illustrates the importance of a high sampling fre-

guency in order to minimize the estimation errors. The errors oz, 100 50 7,

for F, = 100 MHz are less than 1%, while far, = 50 MHz

they reach up to a level of 3.2%. It is also evident that loads

with impedance values significantly smaller th&p exhibit

lower accuracy of estimation. Fig. 4. Impedance estimation errors for various sampling frequencies.
Thesummed propagation components approach may utilize

tones to identify the channel’'s response in each subchannel.
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Fig. 5. Estimation error in terms of transfer function variations. Fig. 6. Estimation error in terms of number of calculated paths.

The method uses aiV-point FFT to produce the frequency ances) in any frequency band of interest. The importance of
domain input and output values from the corresponding methis contribution lies in the fact that the utilized measurement
surements. Provision should be made in order to represent eagiproach enables estimation of the load’s behavior while it is
frequency point with an individual FFT sample. The ratio oftonnected to the power distribution grid. The proposed estima-
thent” FFT sample of the output to the respective FFT sampkéon process can be used to create a database of characterized
of the input defines the channel’s estimated transfer functioresidential appliances in the high frequency range, which could
The method is independent of the tone sequences’ length, Bk valuable information fan situ power line modem configu-
though, in a noisy environment, averaging over a large numbgation.
of N data blocks may improve the estimation results.
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