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ACCEPTED FROM OPEN CALL

INTRODUCTION

Due to its omnipresence, the electric power dis-
tribution grid offers a tremendous potential for
extended fast and reliable communication ser-
vices. Currently, the exploitation has just started
and still is far from complete. Various fields of
applications can be envisioned, starting, for
example, with simple inexpensive services
embodied into household appliances, where data
rates of some kilobits per second are sufficient.
A next level might be Internet access over the
wall socket, where speed is in the lower megabit
range up to high-speed networking that includes
fast Internet access, voice over IP, and home
entertainment (i.e., streaming audio and video at
data rates in excess of 10 Mb/s). Another impor-
tant field of research is the use of the medium
voltage network for communication purposes.
The medium voltage network can be used as a
backbone to connect the low-voltage transformer
stations to the Internet if conventional backbone
networks, like fiber optic cables, are missing (see
also Fig. 1). Clearly, the development of appro-
priate power line communication (PLC) systems
turns out to be a severe challenge for the com-
munications engineer, having to deal with very
unusual channels that were never designed for
signal transmission at high frequencies. This arti-

cle starts with an overview of the fundamental
properties of power line channels and will suc-
cessively point out recommendations for PLC
system design. We present a well proven channel
model, including the very peculiar interference
scenario of power line networks. An advanced
channel emulation approach is discussed, and
basic channel capacity estimations are per-
formed. Eventually, design guidelines for opti-
mum PLC systems are presented.

THE CHANNEL MODEL
The idea of using the electric power distribution
grid for communication purposes is not new at
all. For many decades power supply companies
have been using their networks for data trans-
mission. The main purposes, however, have been
management, control, and supervision of power
plant and distribution facility operation [1], tasks
calling for rather low data rates in the kilobits
per second range. Especially in Europe, a signifi-
cant change occurred when the last telecommu-
nication monopolies were ended in the beginning
of 1998. As a result of this process the low-volt-
age power distribution network became very
interesting. The use of this medium made it pos-
sible to compete against the former monopolists
on the so-called last mile. The ideas centered
around using the cables between the transformer
substation and customers as an access medium
for high-speed Internet services, and exploiting
intrabuilding installations as fast local area net-
works for various purposes, as mentioned above.
But many obstacles blocked the way to fast and
easy solutions. On one hand, power lines exhibit
strong branching, which considerably impairs the
signal quality with a great number of reflection
points. On the other hand, strong cross-coupling
effects between the wires in a cable must be
taken into account.

A typical European low-voltage access net-
work link is depicted in Fig. 1. A data transmit-
ter, which may be connected to the Internet, say,
via optical fiber, is placed in the transformer
substation. The power line channel can be char-
acterized as a star-shaped bus structure with a
branch going to each supplied building. Data
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receivers may be located in any of the buildings.
Naturally, data transmission from the receiver to
the transmitter is also possible, although not
shown in the figure. Due to such a network
structure, high-frequency signals suffer from var-
ious reflections. A complex echo scenario arises,
leading to frequency-selective fading represented
by the notches in Fig. 1 (magnitude of the fre-
quency response). In addition, frequency-depen-
dent attenuation must be considered. This effect
depends on the network structure and superpos-
es the frequency selective fading. In fact, a low-
pass characteristic can be observed at all power
line links. Therefore, the length of a link
becomes crucial whenever 300 m are exceeded,
whereas this figure can vary depending on the
network. In strong branched networks or for
higher frequencies (i.e., above 10 MHz) this crit-
ical length is even smaller. In general, besides
the frequency-dependent attenuation caused by
the cable material, the degree of branching is
responsible for increasing attenuation, as each
house service point absorbs a certain amount of
transmitted power.

A MULTIPATH MODEL FOR
POWER LINE CHANNELS

A simple approach to rough estimation of the
transfer function of power line channels was pre-
sented by Hensen [2]. The attenuation increas-
ing with higher frequencies can be interpolated
by a straight line, so a simple equation can be
found to calculate the amplitude of the channel
transfer function. As this approach does not con-
sider multipath propagation and the resulting
notches of the channel transfer function, more
detailed models had to be developed.

Multipath propagation approaches, which are
suitable for describing the transmission behavior

of power line channels, have been proposed by
Philipps [3] and Zimmermann [4]. Philipps’ echo
model describes the channel impulse response as
a superposition of N Dirac pulses representing
the superposition of signals from N different
paths. Each of these impulses is multiplied by a
complex factor ρi and delayed by time τi. The
factors ρi represent the product of reflection and
transmission factors along each echo path. This
leads to the complex channel transfer function

(1)

This model allows realistic reproduction of
notches of the channel transfer function and is
therefore well suited to describe indoor channels
where the low-pass characteristic of the channel
is not relevant. For the description of channels
that show such low-pass behavior like typical
European access networks, Zimmermann has
proposed an adapted echo model that contains
an additional attenuation factor [4]. This model
represents the superposition of signals from N
different paths, each of which is individually
characterized by a weighting factor gi and length
di. Furthermore, frequency-dependent attenua-
tion is modeled by the parameters a0, a1, and k.
Eventually,

(2)

describes a universal and practically useful form
of the complex transfer function for power line
channels. While the first exponential function
describes attenuation, the second one, including
the propagation speed vp, represents the echo
scenario.
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� Figure 1. The structure of a typical European low-voltage access network link and comparison of the
measurement and model of a simple channel.
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The parameters for the multipath model can
be obtained from measurements of the complex
channel transfer function. The attenuation
parameters a0 (offset of attenuation), a1
(increase of attenuation), and k (exponent of
attenuation) can be obtained from the magni-
tude of the frequency response. To determine
the path parameters di and gi, the impulse
response is necessary. The impulse response
gives information about the time delay of each
path, which is proportional to di. The weighting
factors gi can be obtained from the amplitude of
each impulse. Typical values for the number of
paths N are in the range of 5–50.

The right side of Fig. 1 shows the capability
of the model. The frequency and impulse
response were generated with the multipath
model (Eq. 2) using N = 5 paths. The parame-
ters were determined from a measurement of a
simple channel with only one branch. The mea-
surement results are also visible in the graphs.
This example clearly demonstrates two impor-
tant power line channel properties: frequency-
selective fading and frequency-dependent
attenuation. As a result, there is a “natural”
upper frequency limit for PLC. High attenua-
tion, of course, cannot be compensated by signal
power enhancement for reasons of electromag-
netic compatibility. For links within the access
domain it can be recommended to choose fre-
quencies well below 20 MHz. In indoor installa-
tions, mainly due to much shorter distances, the
use of frequencies above 50 MHz still appears
feasible.

Furthermore, medium-voltage networks will
be an important field for PLC. These networks
are used to distribute electrical energy to differ-
ent urban areas or villages. Therefore, voltages
of about 10 kV are used. Medium-voltage net-
works are usually less branched than low-voltage
networks, and point-to-point connections are
possible. Compared to low-voltage networks,

medium-voltage networks enable communication
over longer distances because of the weaker sig-
nal attenuation and noise scenario.

THE NOISE MODEL
For PLC, of course, not only the transmission
characteristics, but also the interference scenario
is important. In contrast to most other “well
designed” communication channels, power lines
do not represent additive white Gaussian noise
(AWGN) channels. The interference scenario is
rather complicated, as not only colored broad-
band noise, but also narrowband interference
and different types of impulsive disturbance
occur. Figure 2 presents an overview of the noise
scenario. After passing the channel with the
impulse response h(t) the transmitted signal s(t)
reaches a summing node, where a variety of
interference n(t) is added, before the signal r(t)
arrives at the receiver. According to [5], the
interference scenario can be roughly separated
into five classes, denoted colored background
noise, narrowband noise, periodic impulsive
noise synchronous or asynchronous to the mains
frequency (usually 50 or 60 Hz), and asyn-
chronous aperiodic impulsive noise. A similar
classification in background, narrowband, and
impulsive noise can be found in [2]. The noise
classes are discussed in greater detail in the fol-
lowing.

•Colored background noise is characterized
by a fairly low power spectral density, which,
however, significantly increases toward lower fre-
quencies. This kind of noise can be approximat-
ed by several sources of white noise in
nonoverlapping frequency bands with different
noise amplitudes [5]. It is caused, for example,
by common household appliances like comput-
ers, dimmers, or hair dryers, which can cause
disturbances in the frequency range of up to 30
MHz.

� Figure 2. Noise scenario on power lines.
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•Narrowband interference normally consists
of modulated sinusoids, the origin of which are
broadcast radio stations in the frequency range
of 1–22 MHz (typical). Figure 2 includes an
example of a measurement showing colored
background noise together with typical narrow-
band interference.

•Impulsive noise can be classified as periodic
and aperiodic. Periodic impulsive noise is further
divided into interference synchronous or asyn-
chronous to the mains frequency. The syn-
chronous portions are mainly caused by rectifiers
within DC power supplies and appliances such
as thyristor- or triac-based light dimmers. Gener-
ally, repetition rates of multiples of the mains
frequency are observed. The periodic asyn-
chronous portions exhibit considerably higher
repetition rates of 50–200 kHz. Such interfer-
ence is mainly caused by extended use of switch-
ing power supplies found in various household
appliances today. Asynchronous impulsive noise
is mainly caused by switching transients, which
occur all over a power supply network at irregu-
lar intervals. The characteristics of this kind of
noise are described in detail in the following.

ASYNCHRONOUS IMPULSIVE NOISE
Due to the difficulty of modeling it, this class of
noise has been ignored to a great extent for a
long time. However, in practice it turns out that
this kind of noise contains considerable energy
and thus seriously affects high-speed communi-
cation, as impulse durations may frequently
exceed the communication symbol length. The
fact that complete symbols cannot be received
has to be considered in developing PLC chipsets.

Figure 2 shows a typical sample of impulsive
noise. Both amplitude and duration can be sig-
nificant and thus seriously affect communica-
tions even when sophisticated or robust
modulation schemes are employed. Asyn-
chronous impulses sometimes occur in bursts, so
considerable portions of a telegram can be
destroyed. Frequency analysis performed in [5]
reveals that this type of noise contains a broad-
band portion significantly exceeding the back-
ground noise, and a narrowband portion
appearing only in certain frequency ranges.
Impulses containing frequencies up to 20 MHz
are not unusual. The broadband portion results
from sharp rising edges, whereas the narrow-
band portions arise from oscillations, clearly visi-
ble in Fig. 2.

Asynchronous impulsive noise is character-
ized by three random variables: amplitude,
impulse width, and interarrival time (the time
between the arrival of two impulses). Due to the
nature of the noise, statistical methods had to be
used, starting with a measurement campaign to
establish a database. From analysis of this
database, a mathematical model for synthesis
was derived, based on a partitioned Markov
chain approach [5]. The model consists of two
classes of states: so-called noise states (i.e.,
impulsive states) and impulse-free states (Fig. 2).
Each impulsive state corresponds to an exponen-
tial distribution of impulse width, while an
impulse-free state corresponds to an exponential
distribution of the impulse distance. Thus, this
kind of modeling represents a superposition of

several exponential distributions that approxi-
mate real scenarios very well. To give a rough
idea of asynchronous impulsive noise, it can be
stated that for a majority of impulses we find
amplitudes around 1 V, impulse widths in the
range of 100 µs, and interarrival times of 100 ms.
Fortunately, even in heavily disturbed environ-
ments such as industrial zones, the average dis-
turbance ratio is well below 1 percent, meaning
that 99 percent of the time is absolutely free of
asynchronous impulsive noise.

THE POWER LINE
CHANNEL EMULATOR

During the development and test phases of new
communication systems it is of utmost impor-
tance to have a real-world channel at hand for
the verification of each step. To ensure the per-
formance of PLC equipment, its development
requires tests at different channels covering the
typical channel properties. Due to the lack of an
emulator, measurements and testing had to be
done immediately at the power supply networks.
This involves tremendous effort and costs, espe-
cially within the access domain, because tests
must be done in many transformer stations and
households. Moreover, as many channel parame-
ters are time-variant (which is definitely true for
interference), results have not been very reliable
or reproducible. As an intermediate solution,
very simple attempts at channel emulation were
made, for example, using cable drums, notch fil-
ters, and attenuation devices to set up a channel
transfer function. For interference synthesis,
standard signal generators or even more sophis-
ticated arbitrary waveform generators (AWGs)
were used. Clearly, such attempts are time-con-
suming and inflexible, and generally of very lim-
ited practical value as they can only partially
reflect true channel properties.

Philipps proposed a hardware fading simula-
tor for power line channels [6] based on the sim-
ple echo model (Eq. 1). Each path of the channel
is emulated by separate hardware that contains a
FIFO memory in which the input data is written.
The FIFO size depends on the time delay of the
path. The FIFO output is multiplied by the
weighting factor of the path. In the end, the
resulting signals from all paths are added. This
hardware structure does not allow the emulation
of low-pass channels, and the emulation of noise
is completely missing. Therefore, the following
two subsections present a different and more
flexible approach.

EMULATING POWER LINE
CHANNEL TRANSFER FUNCTION AND

IMPULSE RESPONSE

The hardware requirements for a channel emu-
lator are determined by hard real-time con-
straints to a great extent. For high-speed indoor
channels sampling rates far above 100 MHz will
have to be considered. Measurements revealed
that impulse response duration (or delay spread)
in typical European low-voltage distribution
grids is usually in the range of several microsec-
onds. Using conventional (lumped) filter struc-
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tures for implementing such delays would call
for several hundred of taps. Thus, standard digi-
tal signal processing (DSP)-based solutions are
clearly ruled out from the start. Today’s avail-
ability of fast and complex field programmable
gate array (FPGA) technology, however, opens
completely nto powerful and cost-effective solu-
tions. To reduce implementation complexity, the
channel impulse response  (as, e.g., depicted in
Fig. 1) is split into two portions [7]. The first fil-
ter generates the echo portion of the channel;
the second reproduces the low-pass characteris-
tic.

HARDWARE DESCRIPTION
Figure 3 indicates the setup of hardware for
power line channel emulation [7]. The emula-
tor’s core element is an FPGA, which generates
the channel transfer function and interference
scenario. The implementation of the transfer
function has already been mentioned in the pre-
vious subsection; interference synthesis is pre-
sented in the following:
• Based, for example, on maximum length

shift register sequences (m-sequences), a
seed for background noise can easily be
generated. In a next step colored noise is
derived by a digital filtering process.

• Narrowband noise is produced from a sine
lookup table, which is stored in the FPGA’s
RAM area.

• For the most complicated portion (i.e.,
asynchronous impulsive noise), a statistical
model has been implemented, generating
the random instants of occurrence and ran-
dom width of impulses.
The lower right graph in Fig. 3 shows an

example of an aperiodic impulsive noise
sequence synthesized by the channel emulator.
Channel output and generated noise from the
FPGA signal are separately digital-to-analog
converted, filtered, and fed to separate pro-
grammable attenuators, which are controlled by

the FPGA in order to achieve extended ranges
for setting the signal-to-noise ratio.

Such a channel emulator based on detailed
knowledge of the channel properties is very
important to develop the next generation of PLC
systems. To build these new systems that can
achieve the required high data rates it is neces-
sary to select the frequency bands and modula-
tion schemes in such a way that the available
channel capacity is used optimally. The following
section provides some basic information about
channel capacity, showing the potentials and
restrictions of power line channels.

POWER LINE CHANNEL CAPACITY
Channel capacity estimation is an essential pre-
requisite for PLC system design. Based on Shan-
non’s theory, for AWGN channels theoretical
limits of data rates can be specified. The
exploitation of such limits strongly depends, of
course, on signaling schemes and technological
effort. To apply Shannon’s theory, specifications
of usable bandwidth B, noise power spectral
density, and signal power spectral density at the
receiver are needed. Thus, for channel capacity
estimation measured or model-based results can
be used. Concerning the available bandwidth, it
has already been pointed out that power lines
exhibit strong low-pass characteristics on one
hand, but on the other hand certain portions
may also be excluded by regulations as they are
dedicated, for example, to wireless security ser-
vices. The noise power spectral density repre-
sents an uncontrollable channel property.
Finally, the transmitted signal power spectral
density φss must be limited in any case for elec-
tromagnetic compatibility (EMC) reasons [8].

SELECTING PLC TRANSMISSION BANDS
Basic channel capacity estimation may start
including a bandwidth of approximately 0.5–30
MHz. However, technical as well as regulatory

� Figure 3. Emulation of power line channels.
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factors will impose limitations. As a consequence
of Shannon’s theory, frequency bands with low
attenuation and low noise power spectral density
should be preferred to exploit the channel capac-
ity. A well-known universal method toward this
aim is water pouring [9].

REFERENCE CHANNELS
In order to get an overview of the variety of
possible PLC link properties, selection of so-
called reference channels from an extended
measurement database [10] is proposed. The
database contains measurements of fypical
European three-phase underground distribution
grids using PVC isolated cables. Due to the lim-
ited scope of this article, four such channels as
depicted in Fig. 4 are considered in the follow-
ing. The capacity of this selection can be calcu-
lated, for example, according to a procedure
proposed in [11]:
• Reference channel 1: “excellent,” length ≈

100 m, no branches
• Reference channel 2: “good,” length ≈ 110

m, 6 branches
• Reference channel 3: “medium,” length ≈

210 m, 8 branches
• Reference channel 4: “bad,” residential

area without regular network structure
(strong branching)
For EMC reasons both transmission power

limitation and frequency band restrictions are
inevitable. Within international bodies such as

the PLCforum, which is a leading international
association thaat represents the interests of man-
ufacturers, energy utilities, andresearch organi-
zations active in the field of PLC, frequency
band standards have been proposed:
• Band A: Frequency range of 0.5–20 MHz
• Band B: Frequency range of 0.5–10 MHz
• Band C: Equivalent to B but excluding

major broadcast and amateur radio fre-
quencies
As already indicated, optimal distribution of

transmitted signal power may lead to local
power spectral densities that cause field
strengths far above regulatory limits. Such lim-
its, however, are unfortunately still under dis-
cussion. Therefore, it appears advisable to take
a conservative approach. A reasonable approach
uses the limits specified by national regulatory
authorities. This leads to maximum power spec-
tral density values from –79 dBV2/Hz to –53
dBV2/Hz, depending on details of the network
structure [8]. Based on these prerequisites, esti-
mates of the capacity for the reference channels
are listed in Table 1.

The resulting data rates for channels 3 and 4
in Table 1 illustrate that frequencies above 10
MHz are no longer useful for extended networks
in the access domain. This is the main reason for
the proposal to separate access and indoor
domains by fixing different frequency ranges:
below 10 MHz for access and above 10–30 MHz
for indoor use.

� Figure 4. Reference channels.
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MODULATION SCHEMES FOR
PLC SYSTEM DESIGN

As the properties of power line channels differ
considerably from other well-known channels,
special care is necessary to select a modulation
scheme that uses the high capacity of these
channels optimally and offers good noise robust-
ness. The following section analyzes some modu-
lation schemes that come into consideration to
find an optimal solution for PLC systems.

Starting from detailed knowledge of the pecu-
liar power line channel properties, another
important step is the selection of suitable modu-
lation schemes and their adaptation toward an
optimal PLC system. The reference channels dis-
cussed above clearly demonstrate an enormous
variance of properties, also with respect to time.
The latter will call for automatic adaptation fea-
tures within PLC systems. Such adaptation can
be performed within the transmitter or receiver
or both. Sole transmitter adaptation allows fre-
quency ranges with low attenuation and interfer-
ence to be selected in order to improve the
realizable data rate. Drawbacks are the necessity
of an initial channel estimation phase and con-
stant updating of parameters during a session. In
addition, such parameters must be kept individu-
ally for each link, so a substantial decrease of
the net rate has to be expected in practice. Thus,
transmitter adaptation will only be feasible for
point-to-multipoint connections and seems
rewarding only for point-to-point links.

PLC systems design can be regarded as a
highly challenging task as the engineer has to
deal with very limited resources in a hostile envi-
ronment, which in no way has been or could be
prepared for communications purposes. For
enhancements of the data rate it is not possible
to extend bandwidth or assign new frequency
ranges. Only more sophisticated modulation
schemes with improved spectral efficiency or
adaptation strategies such as impulsive noise
cancellation can push technology forward. How-
ever, economic clearance is also narrow, as most
of the PLC applications fall into low-cost ranges.
The advances of modern very large-scale inte-
gration (VLSI) technology will undoubtedly
allow cost-effective solutions with high perfor-
mance.

SINGLE-CARRIER MODULATION FOR PLC
Most basic modulation schemes make use of a
single carrier at a frequency f0. Information is
encoded in amplitude, phase, or frequency
changes of the carrier. Dependent on this change

rate, a more or less wideband signal of band-
width B is generated around f0. A modulation
scheme can be characterized, for example, by its
so-called spectral efficiency. This figure usually
indicates the number of bits per second the
scheme can put into a 1 Hz bandwidth. Due to
limited spectral resources, as discussed in the
previous sections, PLC technology must always
aim at maximum spectral efficiency. Unfortu-
nately, basic single carrier modulation cannot
offer more than 1 bit/(s ⋅ Hz). Moreover, imple-
menting high data rates results in the generation
of contiguous wideband transmission signals,
generally centered around the carrier. Due to
notches and the low-pass character of the chan-
nel, such signals are seriously affected, so only
poor performance can be usually achieved. In
the access domain where typical delay spreads
are around 10 µs dramatic intersymbol interfer-
ence would occur already for data rates far
below 100 kb/s. Thus, the application of expen-
sive channel equalizers cannot be avoided, so the
advantage of simplicity in single-carrier modula-
tion is totally swallowed.

SPREAD SPECTRUM MODULATION
Spread spectrum techniques (SST) seem to be a
good choice for PLC due to their immunity
against selective attenuation and all kinds of nar-
rowband interference. An additional interesting
feature of SST, especially with regard to EMC, is
the low power spectral density of the transmitted
signals. Moreover, media access can be accom-
plished by code-division multiple access
(CDMA), offering multiple access without global
coordination or synchronization. As illustrated in
Fig. 5 (center), a single common carrier f0 is
used and an individual spreading code pi(t) is
assigned to each participant, being orthogonal to
the codes of all others. First, the carrier is con-
ventionally modulated with the data stream.
Thereby a spectrum of approxima tely the dou-
ble message bandwidth is generated. A further
modulator inserts fast 0°/180° phase hops accord-
ing to a pseudo-noise sequence p1(t). After that
the transmission signal exhibits a bandwidth of
approximately twice the clock frequency of p1(t).

At the receiver the same sequence p1(t-τ)
must be available, synchronized to the received
signal (i.e., delayed by the propagation time τ
between transmitter and receiver). In a first
mixer the phase hops are removed and the mes-
sage spectrum is restored, so conventional
demodulation can be performed. Another partic-
ipant to whom an orthogonal spreading code
p2(t) has been assigned cannot perform spectral
compression; the received wideband spectrum
remains almost unchanged. If a narrowband
interferer (e.g., in the form of a broadcast radio
station) appears at the receiver, it is subject to
the spreading process, so only a small portion
corresponding to the message bandwidth can
impair the desired signal.

As with CDMA, the entire frequency band is
open to each participant, so access does not
have to be coordinated. Each active participant,
however, increases the background noise for all
others. The more participants become active, the
higher the probability of mutual disturbance.
Therefore, there is a trade-off between quality of

� Table 1. Channel capacity in megabits per second under transmission power
spectral density limitations.

Channel no. ⇒ 1 2 3 4

Φss in dBV2/Hz ⇒ –53 –79 –53 –79 –53 –79 –53 –79

Frequency A 453.7 284.9 272.7 114.4 92.3 36.0 45.4 9.5

band B 242.9 160.5 164.2 82.5 92.0 36.0 45.4 9.5

C 146.4 97.6 98.7 50.2 55.5 22.6 26.9 4.8
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service and permissible number of active partici-
pants. The crucial figure in this context is the so-
called processing gain (PG), the ratio of the
bandwidth of the transmitted signal and the mes-
sage bandwidth after conventional modulation.
PG should be between 10 and 100 for acceptable
performance. The number of participants must,
however, always remain smaller than PG; other-
wise, robustness against interference is com-
pletely lost. In a properly designed CDMA
system so-called graceful degradation is found,
indicating that each new participant will gener-
ate only a small, well controlled portion of inter-
ference for the others.

For the reasons listed above, most experts in
the field have concentrated on multicarrier tech-
niques, in particular orthogonal frequency-divi-
sion myltiplexing (OFDM).

ORTHOGONAL FREQUENCY
DIVISION MULTIPLEXING

OFDM is a well proven multicarrier technique in
applications such as digital audio broadcasting
(DAB), terrestrial digital video broadcasting
(DVBT), and asymmetric digital subscriber line
(ADSL). Similar to band spreading, OFDM
exhibits robustness against various kinds of inter-
ference and enables multiple access. In contrast
to standard SST, the spectrum used by OFDM is
segmented into numerous narrow subchannels. A
data stream is transmitted by frequency-division
multiplexing (FDM) using N orthogonal carriers,
centered in the subchannels. Due to the subchan-
nels’ narrowband property, attenuation and
group delay are constant within each channel.
Thus, equalization is easy and can be performed
by so-called one-tap techniques. Orthogonality of
all carriers leads to outstanding spectral efficien-
cy, which was already identified as a key element
for the success of high-speed PLC.

As the data stream with rate rd is distributed
to N individual carriers, a symbol rate rs = rd/(m
⋅ N) will result, substantially slower than the data
rate. Moreover, for each carrier a different mod-
ulation method dependent on the subchannel
quality can be chosen. The factor m in the equa-
tion for rs indicates the number of bits assigned
to a carrier, for example, m = 2 for quaternary
phase shift keying (QPSK). Due to the increased
symbol duration, transmission is much less sensi-
tive to multipath propagation than any single-
carrier modulation, so equalization will not be
required with OFDM. Nevertheless, the overall
complexity of an OFDM system is comparable to
single-carrier solutions including wideband
equalization.

A substantial advantage of OFDM is its
adaptability. As already indicated above, it is
possible to choose the optimum modulation
scheme individually for each subchannel. In
addition, frequency ranges excluded from use for
PLC due to regulation or bad quality can easily
be faded out by zeroing the corresponding carri-
ers. In the future it is expected that OFDM will
become the most favorable modulation scheme
in all PLC application fields. Table 2 compares
the pros and cons of OFDM with other possible
PLC modulation schemes.

CONCLUSIONS
Due to the structure of electric power distribu-
tion networks, high-frequency signal propagation
is mainly influenced by two effects: attenuation
caused by cable losses, increasing with frequency
and length, and multipath propagation arising
from branching and unmatched line ends. The
dominant properties have been included in a
concise channel model, which enables sufficient-
ly precise reproduction of any measured transfer
function. In addition, the interference scenario

� Figure 5. Transmission methods for power line communication.
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at power lines was thoroughly investigated,
revealing narrow-band interference and different
kinds of impulsive noise as dominant in their
impact on PLC. Combining transfer and noise
model and embodying both in channel emulation
hardware eventually leads to a most desirable
solution for the PLC system development engi-
neer, as time consuming and highly unreliable or
not reproducible field tests are not necessary any
more. A low-cost FPGA-based realization will
make the channel emulator affordable as a fun-
damental tool in the near future.

A detailed knowledge of the characteristics of
power line channels, which has been presented
in this article, is necessary to develop the next
generation of PLC communication systems with
higher data rates. The channel attenuation and
the noise scenario determine the capacity that
can be used for communication. Capacity esti-
mations for typical power line links indicate that
work toward much higher data rates than avail-
able today can be considered as rewarding. To
develop systems which exploit the high channel
capacity, the modulation scheme must be select-
ed with care to cope with the peculiar properties
of power lines on the one hand and regulatory
constraints on the other. From today’s point of
view, OFDM-based multi-carrier signaling defi-
nitely appears most promising.
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� Table 2. A comparison of different transmission methods for power line communication.

Modulation Spectral Max. data rate Robustness against Robustness against Flexibility and System EMC 
scheme efficiency in in Mb/s channel distortions impulsive noise adaptive costs aspects,

b/(s ⋅⋅ Hz) features regulation

Spread spectrum < 0.1 ≈ 0.5 – 0 – – – – +
techniques

Single-carrier 1–2 < 1 – – + – – ++ – –
broadband,
no equalizer

Single-carrier 1–2 ≈ 2 + + 0 – –
broadband
with equalizer

Multicarrier 1–4 ≈ 3 + 0 0 – 0
broadband
with equalizer

OFDM >> 1 > 10 ++ 0 ++ – +


