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Abstract—Despite being a well-established ingredient to many
wireless systems, multiple input multiple output (MIMO) signal
processing has only recently been considered for broadband
power line communications (PLC). Adapting multiple-antenna
transmission and reception techniques to a wired medium such
as the electrical grid requires solving a number of issues, both
regarding the physics of electromagnetic transmission and the
optimization of the signal processing strategies. In the last few
years, significant steps were made to demonstrate the benefits of
MIMO PLC and to develop the necessary hardware. As a result,
MIMO PLC has been adopted in several broadband PLC spec-
ifications, precisely as part of ITU-T G.hn in Recommendation
G.9963, and as part of the industry specification HomePlug AV2,
which is backward compatible to IEEE 1901. This article reviews
important aspects of MIMO PLC, highlighting its similarities
and main differences with classical wireless MIMO. It focuses
first on the peculiarities of the electrical grid, with a survey of
PLC channel and noise characterization in a MIMO context.
It further estimates MIMO PLC channel capacity adhering
to the electromagnetic compatibility regulations currently in
force. Besides, MIMO signal processing techniques most suited
to PLC environments are discussed, allowing for throughput
predictions. It is found that eigenbeamforming is the best choice
for MIMO PLC: the full spatial diversity gain is achieved for
highly attenuated channels and maximum multiplexing gain is
achieved for channels with low attenuation by utilizing all spatial
streams. It is shown that upgrading from a conventional single
input single output (SISO) PLC configuration to a 2 by 2 MIMO
configuration the throughput can be more than doubled while
coverage is increased. The survey concludes with a review of
specific MIMO PLC system implementations in the specifications
ITU-T G.9963 and HomePlug AV2.

Index Terms—MIMO, PLC, survey, power line communi-
cations, multiple input multiple output, ITU-T G.hn, G.9963,
HomePlug, AV2, IEEE 1901.

I. INTRODUCTION

THE target of home networking is to connect all dig-

ital electronic consumer devices within a home. The

consumer should be able to access all services and data at

any time and any place in the home, regardless of where

the electronic devices are located. Wireless systems work

well within a single room. However, their data throughput

and reliability decrease dramatically if the wireless signal

has to pass through walls or ceilings especially when made

of concrete with metal reinforcements [1], [2]. To enable

real broadband throughput for ’room-to-room’ connectivity, an

in-home backbone network that connects individual devices

or clusters in the house with minimum installation effort is
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desirable. PLC fulfills these requirements. However, common

place single input single output (SISO) PLC systems as treated

in detail in [3] might lack in coverage, especially on long

links in large homes. Here, the utilization of the third wire in

conjunction with multiple input multiple output (MIMO) signal

processing is capable of boosting coverage and capacity of the

PLC transmissions.

MIMO systems have been heavily investigated since the

mid nineties, targeting primarily wireless communications [4],

[5]. Nowadays, different MIMO processing options, with the

aim of increasing data rates and communication reliability,

are in operation in major wireless cellular systems such as

UMTS, LTE, WiMAX, as well as wireless local area networks

(WLANs) based on IEEE 802.11n [6], [7].

Also, digital subscriber line (DSL) systems have to

deal with near-end and far-end crosstalk between individual

modems and recent developments treat the DSL cable binders

as MIMO communication channels with the aim of applying

multi-user coordination and interference mitigation techniques,

also called vectoring [8], [9].

Irrespectively, the power line channel has for a long time

been regarded as dual conductor SISO channel. In reality,

many in-home installations make use of three wires, and

medium, and high voltage installations often have four or more

conductors. Although the theoretical foundation of multicon-

ductor transmission line theory was extensively laid out in the

last century [10], first large scale public measurement results

on MIMO power line channel and noise characteristics became

only available in 2008 [11]. In 2010, ETSI1 Specialist Task

Force (STF) 410 was launched to collect all kind of MIMO

channel properties in several European countries. The mea-

surement campaign and experimental results are documented

in the technical reports [12]–[14].

To make broadband power line communication (BB-PLC)

systems economically viable on a world wide scale, interna-

tionally adopted standards became essential. The International

Telecommunications Union - Telecommunication Standardiza-

tion Sector (ITU-T), as well as the Institute of Electrical and

Electronics Engineers (IEEE) commenced work on such next

generation standards, namely ITU-T G.hn [15]–[17] and IEEE

1901 [18], [19]. Although first released as SISO standards,

in 2011 the ITU published a MIMO transceiver extension

(G.9963, [20]) to its G.hn standard family. Simultaneously,

the HomePlug Powerline Alliance introduced MIMO signal

processing as part of the HomePlug AV2 specification [21],

[22], which is fully backward compatible to millions of IEEE

1The European Telecommunications Standards Institute (ETSI) is an
independent non-profit standardization organization formed by equipment
makers, network operators, and other stakeholders from telecommunications
industry.
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1901 modems already operating in the field.

This survey reviews MIMO channel and noise aspects in

Section II, before introducing essentials of electro magnetic

compatibility (EMC) and MIMO signal processing in Sec-

tion III and Section IV, respectively. Section IV also presents

throughput estimates based on measurements obtained by

ETSI STF 410 and addresses hardware implementation aspects

with respect to MIMO signal processing. This survey is

rounded off by a comparative analysis of MIMO in ITU-T

G.hn and HomePlug AV2 in Section V and an overview of

MIMO PLC research challenges in Section VI. Also notewor-

thy is the complementary source of PLC related literature:

IEEE ComSoc Best Readings in Power Line Communications

[23].

II. CHANNEL AND NOISE CHARACTERISTICS

Before looking at channel and noise characteristics in

particular it is important to have an idea of power line

topologies and coupling methods. The very principle of power

line communications implies that small-signal, high-frequency

technologies are being deployed over power-carrying cables

and grids that were designed for electricity transmission at low

frequencies. Couplers are used to connect the communications

equipment to the power line. Besides, grid topologies are

possibly the most important stage-setter for overall channel

and noise properties.

A. Topologies

Power lines are frequently characterized according to their

voltage levels, as high voltage (HV, 110 kV to 380 kV),

medium voltage (MV, 10 kV to 30 kV) and low voltage (LV,

110 V to 400 V) lines [24]. Communication properties of HV

and MV installations are assessed in [25]–[28] and [29]–[32],

respectively. However, deployment of MIMO signal process-

ing to HV and MV lines has up to the present day been limited.

This might be explained by the fact that coupling broadband

MIMO signals into and out of these lines is costly, and in

many cases alternatives such as fiber optical backbone links

or wide area networks (WANs) are already in place posing a

fierce competition [33], [34]. Turning to LV topologies, they

can further be subdivided into a distribution or access part,

running from an MV-LV transformer up to individual buildings

[35]–[38], and an in-home part [37], [39]–[44], where the LV

lines run in a tree or star topology up to the different power

sockets in every room. For single phase in-home installations,

three wires, namely live (L) (also called phase), neutral (N),

and protective earth (PE), are common. Exactly how common

on a worldwide scale was investigated by ETSI in [12]. It may

be concluded that the PE wire is present at all outlets in China

and the Commonwealth of Nations, at most outlets in Western

countries, and only at very few outlets in Japan and Russia.

B. Coupling Methods

Turning to power line couplers, one may generally dis-

tinguish between inductive and capacitive implementations.

Inductive couplers guarantee a balance between the lines

whereas capacitive couplers often introduce asymmetries due

to component manufacturing tolerances. Couplers especially

tailored to MV, and HV can be found in [45]. Further, details

on low voltage inductive SISO couplers may, for example,

be found in [46] and [47]. The following will focus on LV

inductive MIMO coupling options as presented in Figure 1,

i.e. a delta-style coupler [48], a T-style coupler [49], and a

star-style coupler [48].

Coupler designs are tightly related to radiated emission.

According to the Biot-Savart law the main source of radiated

emission is the common mode (CM) current. To avoid radiated

emission, usually PLC modem manufacturers aim at injecting

the signal as symmetrically as possible. This way, 180◦out of

phase electric fields are generated that neutralize each other

resulting in reduced emission. This desired symmetrical way

of propagation is also known as differential mode (DM). In

case of asymmetries, e.g. caused by parasitic capacitances on

the network, a small part of the differentially injected current

turns into CM current. Normally, there are many asymmetries

inside a PLC topology. For example, an open light switch

causes an asymmetric circuit and, hence, even if only DM is

injected, DM to CM conversion may occur [50].

Specifically, to avoid additional CM currents at the source,

feeding MIMO PLC signals can be done using the delta or

T-style couplers, while it is not recommended using the star-

style coupler - also known as longitudinal coupler. As shown

in Figure 1, the delta-style coupler, also called transversal

probe, consists of three baluns arranged in a triangle between

L, N and PE. The sum of the three voltages injected is zero

(following Kirchhoff’s law). Hence, only two of the three

signals are independent. Turning to the T-style coupler, it feeds

a differential mode signal between L and N, plus a second

signal between the middle point of L-N to PE. Further details

on the pros and cons of each coupler type may be found in

[12].

All three types are well suited for reception. However,

especially the star-style coupler is interesting, where again

Kirchhoff’s law forces the sum of all currents arriving at the

center point to zero. Thus, only two of the three received

signals are independent. Nevertheless, due to parasitic com-

ponents the signals at the third port may additionally improve

the capacity of a MIMO PLC system. A more significant

benefit is, however, the possibility to receive CM signals,

i.e. a forth reception path. The CM transformer is magnetically

coupled (Faraday type coupling). On average, CM signals are

less attenuated than DM signals which makes their reception

interesting especially for highly attenuated channels [48].

As an example configuration, assume that the delta-style

coupler is used at the transmitter to feed the input ports D1

and D3, and that the star-style coupler is used at the receiver

to receive from the output ports S1, S2 and S4. The resulting

MIMO PLC channel is shown in Figure 2 with NT = 2
transmit (tx) and NR = 3 receive (rx) ports, resulting in

overall 6 tx-rx paths.

C. Channel Characterization and Modeling

Power line channel characteristics heavily depend on the

topologies and coupling strategies used, and, hence, span a
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Fig. 1. Inductive MIMO PLC couplers.

very large range. Generally, the PLC channel exhibits fre-

quency selective multipath fading, low-pass behavior, cyclic

short-term variations, and abrupt long-term variations.

Channel characterization and modeling are tightly interre-

lated. Characterization through measurements is indispensable

to derive, validate and fine-tune the models, while the models

themselves often provide valuable understanding and insight

that stimulates more advanced characterization. In general,

PLC channel models can be grouped into physical and para-

metric models (also referred to as bottom-up and top-down

models [51]). While physical models describe the electrical

properties of a transmission line, e.g. through the specification

of the cable type (line parameters), the cable length and the

position of branches [49], [52]–[55], parametric models use

a much higher level of abstraction from the physical reality,

and describe the channel, for example, through its impulse

response or transfer function [36], [56], [57]. Further, within

each group it can be distinguished between deterministic and

stochastic models. While deterministic models aim at the

description of one or a small set of specific reproducible PLC

channel realizations, stochastic models aim at reflecting a wide

range of channel realizations according to their probability of

occurrence.

Turning specifically to MIMO channels, one of the first

public parametric-deterministic investigations of MIMO sig-

nal processing for broadband in-home PLC appears in [11],

[58]. Similar field measurements are conducted in [59], [60].

Following this trend, experimental channel characterization

have been conducted in [48], [61]–[63]. Among the published

results, [59], and [60] conclude that the application of 2 × 2
MIMO signal processing to in-home PLC provides a capacity

gain in the order of 1.9. Further, [11] shows that this gain

ranges between 1.8 and 2.2. in a 2× 3 MIMO configuration.

When adding CM reception, i.e. in a 2×4 configuration, aver-

D1

D2

D3

S1

S2

S3

S4

Fig. 2. Tx and rx coupler port connections forming a 2 × 3 MIMO
system.

age gains between 2.1 and 2.6 are observed. Along these lines,

MIMO capacity results can be found in Section III. In [61] and

[62] a number of channel parameters are assessed including

the average attenuation versus frequency, the channel delay

spread, the coherence bandwidth and the correlation among tx

and rx ports. It is worth noting that the correlation between

MIMO subchannels is uniformly distributed in [0, 1] [62].

Hence, some channels exhibit a low degree of diversity when

considering different tx and rx ports. However, unlike wireless

channels, transmission over electrical networks enjoys high

values of signal to interference plus noise ratio (SINR). As a

result, the application of MIMO to PLC provides significant

capacity gain, even in highly correlated channels, as will be

seen in Section III-F. So far, the largest published MIMO PLC

field measurement campaign is provided by the ETSI STF 410

[12]–[14], gathering measurements from six European coun-

tries. Using these measurements, channel attenuation and cable

input impedance were statistically characterized [63], [64].

Table I provides a summary of the main MIMO PLC channel

characteristics extracted from the aforementioned parametric-

deterministic investigations [14], [61], [62].

Only a few proposals for physical-deterministic MIMO

channel models have been made so far. The most straight-

forward bottom-up approach is to apply multi conductor

transmission line theory (MTL) [10], [65]. As reflected in

Figure 3, MTL theory can be applied to compute the currents

i1(x, t), i2(x, t) and i3(x, t) flowing in a 3-wire transmission

line as well as the corresponding differential voltages v1(x, t),
v2(x, t) and v3(x, t) for a given line position x and a given

time t. To do so, many per-unit length line parameters, as

indicated on Figure 3, need to be either measured or theoreti-

cally computed. Note that some authors consider a simplified

model with three conductors, where the PE wire is assumed

to be equivalent to the ground [66]. At high frequencies this

assumption is not valid, especially when the reception of CM

signals is expected. In such cases, a more complete model with

a separate ground potential is necessary to provide accurate

results.

The physical-deterministic MTL modeling approach has

been used for in-home LV electrical networks in [49], [54],

[67], and for overhead MV and HV networks in [68]. However,

these studies do not consider the use of three electrical wires

for the purpose of MIMO communication.

The first use of the MTL theory to explicitly model a MIMO
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Fig. 3. MTL theory: equivalent circuit of a per-unit length section of a 3-wire transmission line.

PLC channel in a physical-stochastic approach appears in [66],

[69]. The work therein extends a physical-stochastic SISO

channel model presented in [70] by recomputing the MTL

equations in the case of three conductors. Using a stochastic

topology generator [70], it is then possible to produce MIMO

channel realizations of random electrical networks.

On the other hand, a parametric-stochastic approach has

been applied by several research teams to devise models of

the MIMO PLC channel. The first attempt is described in

[71]. This study considers a 2× 4 MIMO channel, where two

differential input ports can be addressed simultaneously, and

up to 4 rx ports are considered, including the common mode

path. The model first considers a SISO PLC channel impulse

response (CIR) composed of 5 to 20 taps according to the

model defined within the European R&D project OPERA [72].

It then builds the 2×4 MIMO channel by producing 8 variants

of this CIR. Each of the variants has the same tap structure,

but the amplitudes of some of these taps are multiplied using

different random phases uniformly drawn from the interval

[0, 2π[. The more taps are modified the more uncorrelated the

channel becomes. The model produces MIMO channels that

exhibit similar frequency fading structures as observed in the

measurements in [11]. The same approach is further developed

in [62], where a 3×3 MIMO channel model has been designed

to fit observations from a measurement campaign in France.

The proposed MIMO channel model builds on the SISO

channel model first defined by Zimmermann [36], and later

extended by Tonello by providing complementary channel

statistics [73]. An example of measured as well as simulated

channel transfer functions (CTFs) is given in Figure 4 (a)

and (b) respectively, where similarities between measured and

parametric-stochastic CTFs become evident.

An alternative parametric-stochastic approach based on a

mathematical description of the MIMO channel covariance

matrices as introduced in [74] is presented in [75]. The study

is based on measurements recorded in five North American

houses and allows very straight forward reproduction of the

MIMO channel’s correlation properties.

Table II provides a comparison between the different PLC

channel modeling options introduced. Each of the four exists in

its own right and bears advantages and disadvantages when it

comes to specific applications. Hence, channel model selection

has to be carried out on a case by case basis.

D. Noise Characterization and Modeling

Turning to the noise characterization, one should note that in

contrast to many other communication channels the noise on

a power line cannot be described as additive white Gaussian
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TABLE I
MAIN CHANNEL CHARACTERISTICS.

Parameter Value Source

Attenuation [range] [10, 100], (53) dB [14]
and (median)

Attenuation vs. 0.2 dB/MHz [14], [61]
frequency slope

Relative attenuation CM port provides [14]
for different least attenuation
reception ports for difficult channels

RMS delay spread 0.2µs to 2.5µs [61]
0.02µs to 1.2µs [62]

Coherence < 3 MHz [62]
bandwidth, 90%

Input impedance L-N: [10, 190], (86)Ω [14]
[range] and L-PE: [10, 190], (89)Ω
(median) N-PE: [10, 190], (87)Ω

Correlation approx. uniform [62]
in interval [0, 1]

Note: Measurement bandwidths differ from 1-100 MHz
in [14] to 2-150 MHz in [62] and 0-88 MHz in [61].
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Fig. 4. MIMO PLC CTF examples. (a) CTF measured within an
experimental measurement campaign in France [60]. (b) CTF simu-
lated using the MIMO PLC channel model of Hashmat et al. [62].
All results are only shown for tx port D1 (L-N).

noise (AWGN). Instead, it can be grouped based on temporal

as well as spectral characteristics. Following, for example,

[14], [37], [76] one can distinguish colored background noise,

narrowband noise, periodic impulsive noise (asynchronous

or synchronous to the AC frequency), as well as aperiodic

impulsive noise [77], [78].

Specifically, with respect to the MIMO noise situation, only

a few modeling proposals have been made so far. For example,

[79]–[81] are developing models of background noise on the

basis of experimental time domain noise measurements in five

houses in France, and are mainly targeting a reproduction

of the frequency domain noise characteristics. In [80], the

measurements are compared against two parametric SISO

background noise models, namely the Emsailian model [42],

and the OMEGA model [82]. The models are fitted to the

noise received on each of the MIMO rx ports, and statistics

of the model parameters are derived separately for each rx

port. In [81], the MIMO noise is regarded as a multivariate

time series (MTS), which allows to capture both the intrinsic

characteristics of the noise received on each port, but also their

cross-correlation. The noise MTS is then modeled using an

auto-regressive filtering procedure. The modeled noise power

spectral density (PSD) presents a high degree of similarity

with the experimental observations. However, the model leaves

room for improvements, especially considering its ability to

reproduce sporadic time domain events, such as impulsive

noise. Figure 5 (a) presents an example of measured noise from

the ETSI STF 410 measurement campaign, along with the

corresponding simulated background noise samples using the

MTS model from [81] in Figure 5 (b). Along the same lines,

[83] presents MIMO noise measurements and statistical results

based on the ETSI STF 410 data. It is observed that the CM

(S4) signal is affected on average by 5 dB more noise than the

differential mode signals received on any wire combination.

This difference can be explained by the higher sensitivity of

the CM signal to interference from external sources, such as

radio broadcasting. Moreover, it is observed that the S1 (L), S2

(N) and S3 (PE) ports present similar noise statistics. However,

when considering large noise records (5% percentile), one

can observe that the PE port is more sensitive to noise by

approximately 2 dB than the N or L ports. Similarly, for low

noise levels (95% percentile), the L port is less sensitive to

noise by approximately 1 dB than the N or PE ports.

Alternatively, [84] addresses MIMO noise based on experi-

mental measurements collected in the US. It is shown that the

noise is correlated on the D1 (L-N), D2 (PE-N) and D3 (L-PE)

receive ports, with the strongest correlation measured between

the L-PE and N-PE receiver ports. Moreover, the correlation

decreases for increasing frequencies and it is shown that noise

correlation helps to increase MIMO channel capacity.

Besides all these initial efforts to characterize and model

PLC noise specifically with respect to MIMO systems, a

number of properties still need to be investigated and modeled.

In particular, the occurrence of impulsive noise, its time

domain variations, and the correlation of noise pulses observed

on different rx ports requires further analysis. Note that the

noise structure is rather specific for power line transmission

as compared to classical wireless communication, which re-
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TABLE II
COMPARISON OF CHANNEL MODELING OPTIONS.

Feature Physical- Physical- Parametric- Parametric-

deterministic stochastic deterministic stochastic

Modeling electromagnetic electromagnetic playback of statistical fit to
principle transmission theory experimental experimental

theory & topology measurement measurement
generator parameters parameters

Measurement none none large large
requirements data base data base

Topology detailed detailed none none
knowledge stochastic

models
Complexity of medium high low medium

model design

Complexity of high high very low low
channel
generation

Correlated multi- straight straight straight difficult
user studies forward forward forward

Closeness to accurate for on a exact on a
experimental considered statistical statistical
data topology basis basis

Ability to yes yes no no
extrapolate
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Fig. 5. MIMO PLC background noise examples. (a) Background noise
measured within the ETSI STF 410 measurement campaign [14]. (b)
Corresponding background noise simulated using the MIMO PLC
channel model of Hashmat et al. [81].

quires implementing dedicated signal processing strategies.

For instance, adaptive modulation is particularly suited to

deal with unequal noise power spectral density. Further, the

correlated nature of the noise received at different ports

is usually mitigated using whitening filters. Finally, coding

and retransmission are employed to handle different types

of occurring noise. These aspects are further developed in

Section IV.

III. EMC REGULATIONS AND MIMO CAPACITY

With respect to broadband EMC regulations, one may

distinguish two frequency ranges, i.e. 1 MHz to 30 MHz, where

according to CISPR 22 [85] conducted emission is at the focus

of regulation, and 30 MHz to 100 MHz, where the focus shifts

to radiated emission. Regulation is region or country specific,

and the following outlines regulations for the important BB-

PLC markets Europe (EU), United States of America (US),

and Japan (JP).

A. European Regulations

For Europe BB-PLC EMC regulations are laid out by

CENELEC2 in EN 50561-1:2013 [86], which refers to PLC

as powerline telecommunication (PLT). In particular, the fol-

lowing features are described:

• An EMC emission measurement procedure at the PLT

port while no communication takes place.

• A second emission measurement procedure at the PLT

port when normal communication takes place.

• A general limitation on the injected PSD of -55 dBm/Hz.

• Permanent notching of certain parts of the radio spectrum,

i.e. related to amateur radio and aeronautical bands.

2Comité Européen de Normalisation Électrotechnique, in English: Euro-
pean Committee for Electrotechnical Standardization

This is the author’s version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available athttp://dx.doi.org/10.1109/COMST.2014.2339276

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



L. T. BERGER ET AL.: MIMO POWER LINE COMMUNICATIONS 7

• A procedure for adaptive notching, meaning that the PLC

equipment senses the presence of radio services, and

notches the affected frequencies for its own operation

(also documented in [48] and specified in [87]).

• A procedure of adaptive transmit power management,

meaning that the transmitting equipment limits its trans-

mit power as a function of channel attenuation and noise

to a level below the allowed maximum, that is just

sufficient to achieve the required data rate.

More specifically, [86] limits the maximum PLC transmit

signal level between 1.6065 MHz and 30 MHz. Furthermore,

CENELEC started drafting an EMC standard for frequencies

above 30 MHz, following a decision from the CENELEC TC

210 meeting in December 2012 [88]. The standard is not yet

finalized and for the purpose of generating simulation results

- presented later in this article - a 30 dB reduction is assumed

with respect to the feeding levels below 30 MHz.

B. US Regulations

In the US, [89] and [90] specify how emissions from

PLC devices are evaluated. The documents refer to PLC as

broadband over power lines (BPL) and consider it as a new

type of carrier current technology. The emission limits are

given in a radiated field strength depending on the frequency

and distance from the exterior wall of the building [91].

Similarly to the European regulations, notches are addition-

ally required to protect aeronautical mobile and radionaviga-

tion services. In some geographical zones extra frequencies

have to be excluded, and care must be taken not to disturb

public safety services. Adaptive interference mitigation tech-

niques are also described. A wrap up of regulations on RF

emissions from power line communication systems in the US

may be found in ITU Recommendation SM.1879-1 [92].

C. Japanese Regulations

The Japanese regulations for PLC transmissions in the high

frequency band apply to the common-mode current measured

at the mains port of a PLC modem. The specified measure-

ment methods are similar to the concept of the CISPR 22

telecommunication port measurements [85]. An impedance

stabilization network (ISN) [92] is defined by the electrical

properties measurable from the outside. These are the symme-

try, the differential mode impedance, ZDM , and the common

mode impedance, ZCM . The modem’s communication signals

are assessed by measuring the CM current converted by the

ISN from the symmetrically fed signals. However, the selected

values of the ISN are not typical for Japanese buildings. As a

result of the selected measurement procedure, the maximum

allowed feeding level is significantly reduced and shows a high

uncertainty depending on the size of the modem under test.

Furthermore, the limits of the frequencies below and above

15 MHz differ by 10 dB. A typical PLC modem with the

size of a human fist may inject -71 dBm/Hz below 15 MHz

and -81 dBm/Hz above. In similarity to European and US

regulations, Japan omits frequencies of radio amateurs and

some Japanese radio broadcast stations. Further, any PLC

transmissions above 30 MHz is not envisaged.
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Fig. 6. Transmit PDS masks. Note, the EU limit above 30 MHz is
subject to pending regulations.

D. MIMO Specific Regulations

EMC regulations available today do not explicitly consider

the injection of MIMO signals. In the process of establishing

specific regulations for MIMO PLC transmission, the fol-

lowing elements should be considered. Regulatory documents

have to be written in a technology neutral way not favoring any

feeding style. MIMO PLC modems are not broadly available

today and the selected coupler (see Figure 1) affects the

radiation potential. In the case of simultaneous injections into

multiple wires, accumulation of individual feedings has to

be assessed. A radiated emission test may be used for this

purpose. However in the frequency range below 100 MHz

it is difficult to create a homogeneous field in an anechoic

chamber. E-field measurement equipment is not specified to

operate below 30 MHz. A conducted test setup has to verify

the interference potential of the selected coupler in a fair way.

E. Average Feeding Level Comparison

Permissible PLC feeding levels heavily affect achievable

throughput rates. In order to compare the potential of the PLC

systems installed around the world Figure 6 introduces the

US, EU and JP PSD masks. The transmit level is frequently

described using a power spectral density in dBm/Hz. Techni-

cally a PSD in dBm/Hz cannot be measured (even if many

spectrum analyzers provide results using this unit) because

the PSD is the power (P) in an infinitely small bandwidth

(BW), i.e. the derivation δP/δBW . If the bandwidth becomes

infinitely small the question which measurement detector is

applied becomes obsolete, as there is no more variance in the

signal. However, simultaneously the measurement time goes

to infinity. The levels in Figure 6 relate to the average detector

after converting them to an identical resolution bandwidth.

Detailed calculations of the PLC feeding levels may be found

in [93].

F. MIMO Channel Capacity

Using the feeding levels from Figure 6 together with the

ETSI STF 410 measurement data [14], allows to predict
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TABLE III
CHANNEL CAPACITY AND CAPACITY GAIN AT HIGH COVERAGE

POINT FOR DIFFERENT TRANSMIT POWER MASKS

EU mask US mask JP mask
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n

1× 1 82 62 6

1× 2 126 1.55 103 1.65 23 3.63

1× 4 173 2.12 143 2.30 34 5.37

2× 2 153 1.87 121 1.94 23 3.52

2× 4 235 2.88 190 3.05 41 6.35

MIMO PLC channel capacity as summarized in Table III. For

better comparison among individual feeding PSDs, country or

region specific notches are not applied. The noise is recorded

with an average detector using a resolution bandwidth of

9 kHz. The capacity results in Table III take into account

noise correlation by calculating an equivalent channel matrix

with the help of a noise whitening filter [84], [94]. ‘Capacity’

refers to the ideal maximum Shannon capacity making full

use of the equivalent channel eigenmodes [95]. The channel

matrix may be decomposed by means of a singular value

decomposition (SVD) into parallel and independent channels

(see also Section IV) where the MIMO capacity is the sum of

the capacity of the individual channels. The capacity values

can therefore be seen as an upper bound that will not be

reached in normal real world implementations. Particularly,

Table III shows the channel capacity at the high coverage point

of 98%, i.e. 98% of the measured channels exceed the bitrate

provided. This focus on the high coverage point is motivated

by the fact that for PLC applications it is most challenging

to achieve a guaranteed minimum bitrate for all links within

the home, while a highly reliable network is key to broad user

satisfaction.

The single input multiple output (SIMO) configurations with

only one transmit port already offer a significant gain. The

most complex investigated SIMO scheme, 1 × 4, increases

capacity by a factor of 2.12 (EU mask), 2.3 (US mask) and

5.37 (JP mask) compared to SISO. The explanation for the

different gains depending on the applied mask is simple: the

higher the tx power mask limits, the higher the obtainable

SINR. However, at higher SINR an SINR-gain from SIMO

processing is mapped less efficiently to capacity due to an

implicit logarithmic relationship between SINR and capacity.

Hence, using the least stringent EU mask leads to much less

SIMO gains than using the most stringent JP mask.

In contrast, the dual stream configuration 2 × 2 MIMO

provides less gain e.g. with gain factors of 1.87, 1.94 and

3.52 for the EU, US and JP mask, respectively. The second,

weaker stream (exploiting the weaker eigenmode) does not

contribute much in low SINR situations. Here it is more

important to collect all the available signal energy at the

receiver, which is optimized as the number of receive ports

increases. Only when turning to the 2×4 MIMO configuration,

the use of a second stream also makes sense, where now

the combination of a high number of receive ports with dual

stream transmissions leads to gains of 2.88, 3.05 and 6.35

for the EU, US and JP mask, respectively. Note that the

aforementioned bitrate increases when applying the Japanese

power mask are hypothetical, because the 3rd wire rarely exists

in Japanese in-home installations. In most Japanese buildings

only a 1 × 2 SIMO configuration is feasible, as, in addition

to differential mode reception, the reception of the common

mode is possible independently of the existence of a protective

earth wire.

Limiting the investigation to EU and US masks only and

focusing this time on the median point (50%, not shown in

Table III), 2× 2 MIMO provides a capacity gain of around

1.71, which is surpassed by a gain of around 2.16 when going

to 2× 4 MIMO. This demonstrates that the MIMO gain in the

high coverage area is even higher than for the median case.

It may be concluded that - with a sufficient number of

receive ports - multi-stream transmission improves good as

well as difficult links, making MIMO a promising method

for meeting ambitious throughput as well as coverage require-

ments. It should, however, be noted that real world hardware

implementation and complexity constraints may significantly

limit the achievable gain as outlined in more detail in the

following sections.

IV. MIMO PLC SIGNAL PROCESSING

When considering MIMO processing, one generally has to

distinguish between open-loop and closed-loop systems. The

earlier do not exploit channel knowledge at the transmitter, the

later do. Generally, the benefits to be obtained from MIMO

signal processing may be (i) reduction of SINR variance

(diversity gain), (ii) increase of SINR mean (in the wireless

world know as beamforming gain or antenna gain) and (iii) the

increase of simultaneous transmitted data streams, known as

spatial multiplexing gain and made possible through co-stream

interference suppression and/or cancellation. Dependent on

the deployed scheme, different blends of these benefits are

realizable. In this respect, a comprehensive MIMO literature

review, specifically taking into account the wireless domain,

can be found in [5].

Current BB-PLC systems are all using carrier modulation,

either based on conventional orthogonal frequency division

multiplexing (OFDM) [96] or on Wavelet-OFDM [97]. These

carrier modulation schemes are flexible when it comes to

implementing notching requirements as introduced in Sec-

tion III and allow to deal with a frequency selective broadband

channel with colored noise as a set of frequency flat fading

narrowband channels/carriers, the condition being that the

carrier spacing is small compared to the channel’s coher-

ence bandwidth. Compared to conventional OFDM, Wavelet-

OFDM has the advantage of lower spectral leakage which

alleviates the implementation of notches [98]. On the other

hand, the relatively high spectral leakage of conventional

OFDM might be improved by Windowed-OFDM [99]. Under

both options the data rate is adjusted to the carriers’ SINR.

This adaptation requires in a broad sense channel state in-
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formation (CSI) at the transmitter. Hence, all current BB-

PLC systems are inherently closed-loop. As a consequence,

and apart from special situations where CSI cannot be easily

exploited, e.g. it is not yet obtained, it is too quickly outdated,

or in a broadcast/multicast situation, pure open-loop tx diver-

sity schemes make little sense. Hence, the following directly

discards popular open-loop space-time and space-frequency

diversity schemes like space-time block codes (STBCs) [100],

and space-time Trellis codes (STTCs) [101], acknowledging,

however, that their derivatives have been considered for MIMO

PLC in [102]–[110]. A performance comparison of the famous

STBC Alamouti scheme [100] and spatial multiplexing applied

to MIMO PLC can be found in [11]. It is shown that the

Alamouti scheme does not achieve the performance of spatial

multiplexing.

Another important aspect - as already pointed out in the

capacity evaluation - is that the obtainable SINR per carrier

is generally high. This leads to frequent use of higher order

modulation (e.g. up to 4096 quadrature amplitude modulation

(QAM)), which are characterized through a less than linear

SINR to throughput relation, e.g. a 3 dB SINR increase leads

to less than twice the throughput. This loss in power efficiency

for higher order QAM means however that lots can be gained

through the deployment of MIMO signal processing schemes

that target benefit (iii) i.e. the increase of simultaneous data

streams [111]. Schemes that exploit benefit (iii) are generally

referred to as spatial multiplexing and can be open-loop, like

the famous Bell Laboratories Layered Space-Time (BLAST)

scheme [112]. Combining benefit (iii) with closed-loop CSI

one may additionally exploit benefit (i) and (ii) i.e. a reduction

of SINR variance and an increase of SINR mean.

While all previous considerations deal with the benefits

of MIMO signal processing for a single transmitter-receiver

pair, MIMO can also be exploited to simultaneously transmit

different data streams to different receivers which in the

wireless world is known as multi-user MIMO. Multi-user

MIMO for PLC systems is for example explored in [113].

It is found that only a marginal total throughput gain is

achieved for the scenario of one transmitter sending to several

receivers compared to single user MIMO. The main reason

is the limited number of transmit ports (2 for the in-home

scenario, see Section II) and the spatial correlation. However, a

performance gain may be achieved for the distributed scenario

of several transmitter-receiver pairs. Further, [114], [115], and

[116] consider signal processing to enhance multi-user and

multi-hop performance. The following however leaves multi-

user aspects at a sideline, with the aim to provide a clear focus

on current single user MIMO signal processing.

A. Received Signal Model

The following assumes a conventional OFDM system. Nev-

ertheless, most of the MIMO signal processing considerations

are equally applicable to Wavelet-OFDM. For simplicity, a

frequency domain signal model is presented, not showing in-

verse fast Fourier transform (IFFT), nor fast Fourier transform

(FFT) stages that constitute standard elements in any OFDM

tx-rx chain. For brevity, the mathematical formulation does

not show any carrier index either. Instead, it is presented

for an arbitrary individual carrier, bearing in mind that any

real system would perform operations on a per carrier basis.

Finally, for simplicity it is also assumed that the channel

is time invariant during several OFDM symbol periods, this

way avoiding specific mentioning of a symbol time index.

Nevertheless, it should be noted that in a real world system

channel variations, e.g. caused by connected loads such as

switched power supplies or florescent lamps [117], may cause

performance degradations if not accounted for.

The channel matrix H, of dimension NR × NT includes

not only the MIMO PLC channel but also the couplers and all

band filters in the transmitter and receiver. The entries of the

channel matrix H use the measured MIMO PLC channels as

introduced in Subsection II-C. Compared to e.g. the wireless

channel which is sometimes modeled by independent fading

coefficients in the channel matrix H, the MIMO PLC channel

matrix shows a rather high spatial correlation as outlined

in Subsection II-C. The upper limit of spatial multiplexable

and recoverable streams, Nstream, is determined by the rank

of the channel matrix. For full-rank channels, one obtains

Nstream = min(NT , NR). s describes the NT × 1 symbol

vector containing the symbols transmitted via the NT transmit

ports. The transmitted symbols, i.e. the elements of s, have the

average power PT

NT

, where PT is the total transmit power. r

represents the NR × 1 received vector observed over the NR

receive ports. Therewith the received signal model writes,

r = Hs + n , (1)

where n is the NR×1 noise vector. Its elements, the noise sam-

ples, are assumed to follow a zero mean Gaussian distribution

with variance N0 and are further assumed to be independent

over receive ports. This can be achieved using appropriate

whitening filters at the receiver. In addition, the transmitter

may apply linear precoding, which can be integrated in the

received signal model through,

s = Fb , (2)

where b is an NT × 1 symbol vector and F is a NT × NT

precoding matrix.

B. Linear Detection and SINR formulation

MIMO detection aims to recover the transmitted streams.

Considering linear detection, described by the detection matrix

W, the equalized received vector can be written as,

y = Wr

= WHs+Wn . (3)

The simplest linear detection algorithm is known as zero

forcing (ZF) [95], where the detection matrix W is the pseudo

inverse [·]† of the estimated channel matrix Ĥ, i.e. ,
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WZF =
(

ĤHĤ
)−1

ĤH

= Ĥ† . (4)

Assuming perfect channel estimation, i.e. Ĥ = H, and

applying WZF in (3) results in,

y = H†Hs+H†n

=
(

HHH
)−1

HHHs+H†n

= s+H†n , (5)

which shows the design criterion. If the noise is zero, the trans-

mit symbol vector is recovered and the co-channel interference

is removed completely. However, if there is noise, the variance

of H†n might increase compared to the original variance of n.

The problem is commonly referred to as noise enhancement.

Linear detection can be improved by the minimum mean

square error (MMSE) receiver which trades off co-channel

interference suppression and noise enhancement. The MMSE

detection matrix is [95],

WMMSE =

(

ĤHĤ+
NT

ρ
INT

)−1

ĤH , (6)

with INT
an NT ×NT identity matrix, and ρ = PT

N0

the ratio

of the total transmit power PT to the noise power N0.

Independent of the linear detection matrix realization, the

SINR, Λp, of the streams p = 1, . . . , Nstream is given by

[95],

Λp =

∣

∣

∣
[WH]pp

∣

∣

∣

2

∑Nstream

i=1,i6=p

∣

∣

∣
[WH]pi

∣

∣

∣

2

+ [WWH ]pp
NT

ρ

, (7)

where the notation [·]pi indicates selection of the element in

row p and column i.
Other methods like successive interference cancellation

(SIC) [95], maximum likelihood (ML) detection [95], or frac-

tionally spaced equalizers using MIMO biorthogonal partners

[118] are not considered due to their increased implementation

complexity. However, MIMO PLC using SIC is investigated,

for example, in [71], [94].

C. Precoding and Power Allocation

If no precoding is applied, the spatial streams are transmit-

ted directly via the transmit ports, i.e. s = b, in the following

referred to as spatial multiplexing (SMX) without precoding.

In this case no CSI is required for MIMO transmission. On

the other hand, precoding at the transmitter is based on CSI.

The optimum linear precoding matrix F minimizes the mean

square error (MSE) matrix E
{

(y − b) (y − b)H
}

, where

E {·} represents the expectation operation. To obtain it F can

be factored into two matrices V and P [119],

F = VP . (8)

P is a diagonal matrix, which describes the power allocation

of the total transmit power to each of the transmit streams.

V is the right hand unitary matrix of the SVD of the channel

matrix, i.e. H = UDVH , U is the left hand unitary matrix

and D is a diagonal matrix containing the singular values of

the channel matrix.

Precoding by just the unitary matrix F = V is often referred

to as unitary precoding or eigenbeamforming (EBF) [120].

Since V is a unitary matrix, the average signal power is not

affected by this kind of precoding.

If only one spatial stream carries information,

i.e. b =

[

b1
0

]

, the precoding from (2) turns into,

s = Vb (9)

=
[

v1 v2

]

[

b1
0

]

= v1b1 ,

with v1 the first column of the precoding matrix V. This one-

stream beamforming is also called spotbeamforming (SBF).

Even though only one logical stream carries information, both

transmit ports are used since s is a 2×1 vector for two transmit

ports. Spotbeamforming might be used if only one receive

port is available, i.e. in a multiple input single output (MISO)

configuration, or if the receiver supports only the decoding

of one stream. Also, in low SINR situations spotbeamforming

improves the coverage.

Looking at the schemes making use of power allocation, one

may note that there are basically two options: (i) to allocate the

total transmit power across carriers and (ii) to allocate across

the available MIMO streams. In case of PLC, option (i) is

only realizable within the resolution bandwidth used for regu-

latory assessment, i.e. 9 kHz for frequencies below 30 MHz

and 120 kHz for frequencies above [121]. Generally, EMC

regulations impose a maximum PSD feeding level across the

carriers, and shifting energy between carriers is only possible

if carrier spacing is smaller than the resolution BW. Looking

at option (ii), waterfilling delivers the optimum MIMO power

allocation to maximize the system capacity for Gaussian

distributed input signals [95]. However, if the input signals

are taken from a finite set of QAM symbols, like it is the

case for current BB-PLC systems (see Section V), waterfilling

is not optimum. Instead, [122] derives the optimum power

allocation for arbitrary input distributions, and for parallel

channels corrupted by AWGN. Details on the algorithm termed

mercury waterfilling may be found in [122], [123]. In the

same line, [58], [94] derive a simplified/approximated mercury

waterfilling algorithm, where only three power allocation

coefficients, namely 0, 1 and
√
2, are used. If a stream’s

SINR would be insufficient to support the lowest bitloading,

transmission is disabled and its power is used to boost the

co-stream, resulting in a 3 dB SINR gain of the remaining
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stream. If, however, both streams are capable to support at

least the lowest bitloading constellation, tx power is equally

allocated to both streams. This simplified power allocation

scheme does not require any additional feedback as the power

allocation decisions may be based on the bitloading requests

already obtained from the receiver. Performance of the scheme

is analyzed in [94], where it is shown to be close to optimum.

D. Performance Results

To investigate the potential of the different MIMO schemes,

linear receiver strategies, and power allocation options, an

OFDM MIMO system simulation is set up making use of

the ETSI STF 410 channel measurements in a parametric-

deterministic approach. The simulator uses 1296 carriers over

the frequency range from 4 to 30 MHz. Each carrier is adap-

tively loaded with QAM symbols of 0 to 12 bit, where bitload-

ing thresholds are adjusted to achieve an uncoded bit error rate

(BER) of 10−3. An additional forward error correction (FEC)

code [124] might easily reduce this BER. The achieved raw

bitrate is obtained as the sum of the number of bits assigned to

all carriers divided by the OFDM symbol length. ‘Raw bitrate’

indicates that guard interval length, training data or FEC

overhead are not considered. For simplicity, noise is modeled

as AWGN, uncorrelated over the rx ports and with equal noise

power on all ports. The transmit power to noise power level

is artificially set to ρ = 65 dB. This value corresponds to a

transmit power spectral density of -55 dBm/Hz and an average

noise power spectral density of -120 dBm/Hz. The example

of ρ = 44 dB (PSD = -72 dBm/Hz) is provided as well to

highlight the impact of low SINR channels. Impulsive noise

is not considered. In the case of MIMO, the two feeding

ports D1 and D3 (i.e. L-N and L-PE, see Section II-B) and

all four receive ports (S1, S2, S3, S4) are used. In case of

SISO the D1 (L-N) port is used at the transmitter and the

S1 port (L) at the receiver. It was observed that using the

S2 (N) tx port instead yields the same average performance.

The corresponding SINR is calculated based on the channel

matrix of each subcarrier as indicated in (7) assuming perfect

rx channel knowledge. Performance results are displayed in

Figure 7.

Looking at Figure 7 (a) it is found that 2× 4 SMX without

precoding paired with ZF-detection performs about the same

or even worse than SISO for most channels and bitrates up

to about 40 Mbit/s. The high correlation of the power line

channels results in high values of the detection matrix entries,

leading to an amplification of the noise. This effect is mitigated

using MMSE detection. Further, 2 × 4 eigenbeamforming

(EBF) with ZF-detection achieves the highest bitrate of the

investigated schemes. Its gain over SISO is highest for the

low bitrate region of Figure 7 (a), i.e. for channels with

high attenuation. Looking at Figure 7 (b), it is found that

2 × 4SMX without precoding paired with ZF-detection now

outperforms SISO in contrast to the case presented in Figure 7

(a). Since the SINR is higher, the noise enhancement of the

ZF-detection is in this case not that severe. For the same

reason, the gain of MMSE over ZF becomes smaller. Looking

at the low probability values in Figure 7 (b), one can observe
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Fig. 7. Complementary cumulative distribution function (C-CDF) of
the bitrate for different MIMO schemes. NT = 2, NR = 4 besides
in SISO case. (a) ρ = 44 dB. (b) ρ = 65dB. In both cases using
mercury waterfilling power allocation.

that 1-stream spotbeamforming (SBF) approaches the SISO

performance, since no spatial multiplexing gain is achieved

with only one spatial stream. Similarly, spatial multiplexing

without precoding approaches the same performance as eigen-

beamforming for very good channel conditions.

Looking at median values, eigenbeamforming performs best

(gain compared to SISO of factor 2.2 for ρ = 65 dB)

followed by the simpler SMX scheme without precoding (gain

compared to SISO of factor 1.8 for ρ = 65 dB).

It may be concluded that eigenbeamforming is the best

choice for MIMO PLC since the full spatial diversity gain is

achieved for highly attenuated channels and maximum multi-

plexing gain is achieved for channels with low attenuation by

utilizing all spatial streams. Spatial correlation of the transmit

signals may cause higher radiated emission of the power lines.

However, the unitary precoding matrix of eigenbeamforming

does not introduce any correlation of the transmit signals

if the two streams before precoding are uncorrelated [94].

Beamforming in general offers flexibility with respect to

the receiver configuration. Only one spatial stream may be

activated by the transmitter, i.e. spotbeamforming, if only one

receive port is available. This might be the case if the outlet

is not equipped with the 3rd wire or if a simplified receiver

implementation is used which supports only one spatial stream.
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Since beamforming aims to exploit the strongest channel

eigenmode the performance loss of not utilizing the second

stream is relatively small compared to the spatial multiplexing

schemes without precoding. This is especially true for highly

attenuated and correlated channels, where the second stream

could carry only small amounts of information (see the high

coverage area in Figure 7).

Again, these results have to be taken with a bit of care, as

hardware and real world imperfections have been ignored in

these simulations but will be addressed in the following.

E. Hardware Implementation Aspects

Looking at real world implementations, there is a broad

variety of steps that become significantly more complicated

when going from a SISO to a MIMO system. For example,

as building blocks for the detection matrix introduced in (3),

a minimum of four channels have to be estimated, which

requires modification of preamble and training symbols. At

least two adaptive gain control stages have to be settled

at the receiver. In addition, extending the operating range

towards lower SINRs demands that stages like preamble

detection or synchronization increase their performance with

respect to their SISO counterparts. To test real world hardware

constraints, a MIMO demonstrator was build, allowing up to

2 × 4 MIMO systems with on-the-fly control of eigen- and

spotbeamforming [94], [125], [126].

One key step is received symbol estimation, which requires

rx-filters - potentially based on the columns of the detection

matrix from (3) - to be applied to the received signal vector

r. In case of precoding at the transmitter, ZF detection may

be sufficient since in case of optimum beamforming, ZF and

MMSE detection yield the same performance [94]. In case of

two transmit ports, the calculation of the ZF detection matrix,

as given in (4), involves a 2 × 2 matrix inversion. Although

a closed-form solution exists, the direct calculation may not

be the best hardware implementation approach. A fixed-

point implementation of the direct approach faces numerical

problems. Especially, the calculation of the determinant of

HHH may be problematic for correlated channels. Calcu-

lations of “square products” of the form HHH should also

be avoided as the word width of the multiplication output

is doubled compared to the input word width. Additionally,

many hardware consuming calculations are required. These

drawbacks motivate the use of an alternative implementation

based on the QR decomposition [127]. Benefits are improved

numerical stability and straight forward parallelization [128],

[129]. Hence, a QR decomposition based method has been

implemented in the hardware demonstrator [94].

Further, in case of beamforming, the transmitter needs

knowledge about the precoding matrix V. This may be derived

by means of the SVD from the channel matrix H. Typically,

only the receiver has knowledge about the channel matrix

and therefore the precoding matrix V has to be fed back

to the transmitter. Quantization is applied to reduce feedback

overhead. V is a unitary matrix, i.e. V−1 = VH . Hence, its

columns vi (i = 1, . . . , NT ) are orthonormal and phase in-

variant [127]. This means, multiplying each column vector by

an arbitrary phase rotation results in another valid precoding.

This allows to represent the complex 2× 2 matrix V by only

the two angles φ and ψ

V =

[

cosψ sinψ
−ejφ sinψ ejφ cosψ

]

, (10)

where the range of φ and ψ to represent all possible beamform-

ing matrices is 0 ≤ ψ ≤ π/2 and −π ≤ φ ≤ π. Quantization

of V may be achieved by directly quantizing φ and ψ or

via a codebook which contains a set of pre-defined precoding

matrices. The amount of feedback can be reduced further

by exploiting the correlation between neighboring subcarri-

ers [130]–[132]. Here, two main approaches are commonly

reported: clustering and interpolation. For clustering, groups

of subcarriers are assigned to the same precoding matrix

while for interpolation, the precoding matrix is determined

only for certain subcarriers and the precoding matrices for

the remaining subcarriers are interpolated. Investigations on

precoding quantization may be found in [58], [94].

The hardware demonstrator allows the performance com-

parisons of different MIMO configurations (spatial multiplex-

ing without precoding, eigenbeamforming, spotbeamforming,

SISO) and the influence of system parameters like the number

of receive ports. Also, different channel and noise conditions

may be examined by monitoring several system parameters,

including the bitrate, the BER, adaptive modulation and chan-

nel estimation results. The demonstrator was tested under real

channel conditions in a variety of buildings. For example,

to assess the available throughput, adaptive modulation was

adjusted to an error-free transmission. The throughput was

then compared for SISO and 2 × 4 MIMO transmission.

One of the main findings was that the performance results

indicated in Figure 7, could largely be confirmed. Besides,

the demonstrator was used to support the standardization work

that lead to the HomePlug AV2 specification.

V. MIMO IN CURRENT PLC SYSTEMS

A. ITU-T G.hn

The ITU-T G.hn standards belong to the “G” family spec-

ifying “Transmission systems and media, digital systems and

networks”. The acronym “hn” stands for home networking

and was an intermediate name used in the early stages of

standard development. Based on this legacy, the term G.hn is

still commonly used to refer to the family of standards G.9960

to G.9964. ITU-T G.hn is not only applicable to power lines

but also to phone lines and coaxial cables, therewith for the

first time defining a single standard for all major wireline

communications media. In 2009, the PHY layer and the

overall architecture were approved as ITU-T Recommendation

G.9960 [16]. The Data Link Layer (DLL) Recommendation

G.9961 [17] was approved in June, 2010. Finally, a MIMO

transciever extension G.9963 [20] and a power spectral density

specification G.9964 [133] were approved in December, 2011.

The MIMO extension includes spatial multiplexing without

precoding, as well as eigen- and spotbeamforming.
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Other related Recommendations are G.9961 Amendment 1

[134], which contains a mechanism for mitigating interfer-

ences between neighboring G.hn domains and Recommenda-

tion G.9972 [135], which deals with coexistence mechanism

for wireline home networking transceivers. Turning to the

higher layers, Recommendation G.9970 [136] describing a

“generic architecture for home networks and their interfaces

to the operators’ broadband access networks” deserves to be

mentioned.

To promote the ITU-T G.hn standard, and to address certi-

fication and interoperability issues, the HomeGrid Forum was

founded [137]. It certified the first G.hn chipset in December

2012.

B. IEEE 1901 and its HomePlug AV2 Extension

Simultaneous to ITU-T G.hn developments, IEEE P1901

[138] was working on the “Standard for Broadband over

Power Line Networks: Medium Access Control and Physical

Layer Specifications” [19]. It covers the aspects access, in-

home, as well as coexistence of access-in-home and in-home-

in-home networks and the official IEEE Std 1901-2010 was

published in December 2010. To assure a broad industrial

backing, two optional PHY technologies, namely FFT-PHY

(based on HomePlug AV) and Wavelet-PHY (based on HD-

PLC) were included. The two resulting PHY layers are not

interoperable, but a mandatory Inter-System Protocol (ISP)

assures their coexistence.

The HomePlug Powerline Alliance [139] serves as the

certifying body for IEEE 1901 FFT-PHY compliant products,

whereas the HD-PLC Alliance serves as the certifying body

for IEEE 1901 Wavelet-PHY compliant products.

While IEEE 1901 Wavelet-PHY/HD-PLC is presently

mainly used on the Japanese market, IEEE 1901 FFT-

PHY/HomePlug AV is used in many countries around the

globe, with products of the HomePlug family currently possi-

bly being the most deployed BB-PLC technology worldwide.

In analogy to the introduction of MIMO to ITU-T G.hn, the

HomePlug Powerline Alliance introduced the HomePlug AV2

specification in January 2012. It includes features like MIMO

with and without precoding, an extended frequency range

of up to 86 MHz, efficient notching, several transmit power

optimization techniques, 4096-QAM, power save modes, short

delimiter and delayed acknowledgement. Together these fea-

tures are boosting the maximum PHY rate to around 2 Gbit/s.

Further, to cover multiple home networking media under one

umbrella, IEEE P1905.1 devised a “Standard for a Conver-

gent Digital Home Network for Heterogeneous Technologies”

[2], [140]. It defines an abstraction layer for multiple home

networking technologies like IEEE 1901, IEEE 802.11 (Wi-

Fi), IEEE 802.3 (Ethernet) and MoCA 1.1 (coax cable) and is

extendable to work with other home networking technologies.

C. HomePlug AV2 and ITU-T G.hn Comparison

HomePlug AV2 uses the band from 2 MHz up to 86 MHz

with services above 30 MHz being optional (the stop fre-

quency can be negotiated between modems). ITU-T G.hn

(G.9960/G.9961) operates from 2 MHz up to 100 MHz using

TABLE IV
COMPARISON OF MIMO SCHEMES DEVELOPED IN ITU-T G.9963

AND HOMEPLUG AV2.
Item ITU-T G.9963 HomePlug AV2

MIMO modes Tx selection Tx selection
Spatial multiplexing Spatial multiplexing

without precoding without precoding
Eigenbeamforming Eigenbeamforming
Spotbeamforming Spotbeamforming

Beamforming 4; 4 or 8; 8 7; 5
feedback in bits
for φ and ψ

Beamforming Clustering with Interpolation with
carrier variable cluster variable pilot
grouping size spacing

Stream On subcarrier basis, On subcarrier basis,
power power of non-utilized power of non-utilized
allocation stream allocated to stream allocated to

remaining stream remaining stream

bandwidth scalability, with three distinct and interoperable

bands defined as 2-25 MHz, 2-50 MHz, and 2-100 MHz. The

architectures defined by HomePlug AV2 and ITU-T G.hn

(G.9960/G.9961) are similar in several aspects. In ITU-T

G.hn one refers to a sub-network as Domain. Operation

and communication is organized by the Domain Master who

communicates with various Nodes. Similarly, the sub-network

in HomePlug AV2 is referred to as Basic Service Set (BSS).

The equivalent to the domain master is the BSS Manager,

which connects to so-called Stations.

Even if many features appear to be individually developed

by ITU-T and IEEE/HomePlug, several are actually identical.

The fact that ITU-T G.hn and HomePlug AV2 largely agree

on channel coherence time, coherence bandwidth, guard in-

terval, roll-off window timings, etc. shows that the BB-PLC

channel is analyzed similarly and that channel difference for

comparable topologies are not very different around the globe.

Similarities continue with PHY-frame header settings making

use of QPSK, FEC coderate 1/2, and repetition codes. The

segmentation process of embedding the application data into

PLC convenient packets is similar and data is in both cases

encrypted using AES-128 [141]. The MAC cycle or Beacon

period is selected to be 2 AC line cycles. The bit-loading of

carriers can be line cycle dependent, and immediate, as well

as delayed acknowledgments are possible.

Turning specifically to the MIMO processing options, a

comparison of the schemes adopted in the specifications

ITU.G9963 and HomePlug AV2 is provided in Table IV. Iden-

tically to the HomePlug AV2 specification the ITU Recom-

mendation standardizes the format of the feedback information

coming from the receiver on how the precoding angles have to

be set at the transmitter. One may note that ITU-T G.9963 and

HomePlug AV2 support tx selection diversity, spatial multi-

plexing without precoding, eigenbeamforming (also referred to

as spatial multiplexing with precoding) and spotbeamforming.

The option of transmitting only one spatial stream ensures

compatibility to SISO transmission. Power allocation on a

subcarrier basis among MIMO streams is realized by simply

adding 3 dB if the other tx stream is not used. Some minor

differences may be noted in the quantization of the beam-

forming matrix as detailed in Table IV. HomePlug AV2 uses
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the definition of (10) for the precoding matrix quantization,

while ITU-T G.hn introduces the concept of tx port mapping

(TPM) with a 2 × 2 TPM matrix. The corresponding ITU-T

G.hn implementation of (10) is called TPM#5 and is defined

as [20], [142],

TPM #5 =
1√
2

[

ejϕ cos θ −ejϕ sin θ
sin θ cos θ

]

, (11)

where 0 6 θ 6
π
2
; 0 6 ϕ < 2π. This precoding matrix is

identical to the matrix specified in IEEE 802.11n [7]. Note

that on the first sight the definition of the unitary precoding

matrix as selected by ITU-T G.hn in (11) appears different

from the definition selected by HomePlug AV2 as given in

(10). However, there are many possible definitions of unitary

2× 2 matrices described by two rotation angles and both can

be easily transformed from one to another. Besides, while

the normalization factor 1√
2

is explicitly included in (11),

this factor is included via the power allocation and not via

the unitary precoding definition of (10) for HomePlug AV2.

The carriers’ precoding information may be grouped in ITU-

T G.hn while HomePlug AV2 may interpolate the precoding

matrix based on pilot carriers. The group size and pilot spacing

are variable in order to balance performance and memory

requirements.

With all these communalities, differences are that ITU-T

G.hn supports multicast transmissions, i.e. transmitting to

multiple nodes using a common bit allocation table (BAT),

while HomePlug AV2 does not. Nevertheless, HomePlug AV2

implements the option of a short delimiter, i.e. data and

pilot carriers in preamble and frame control, an option not

implemented by ITU-T G.hn.

Modulation and FEC coding of both MIMO PLC standards

is kept identical to their SISO predecessors in order to maintain

backward compatibility. In the case of eigenbeamforming the

payload bits are independently quadrature amplitude mod-

ulated on both steams in an adaptive manner, where the

available SINR per stream and carrier defines the amount of

payload for each carrier. The allowed constellations vary from

1 bit per OFDM carrier up to 12 bits. However, two very

different FECs, i.e. low-density parity-check code (LDPC) in

ITU-T G.hn and Turbo Code in HomePlug AV2, are chosen

- see [143] for a comparative analysis. This makes it more

difficult (or costly) to implement both standards in a single

chip, as the FEC part is up to the present day a non-negligible

space factor when manufacturing wafers. Nevertheless, dual

mode devices have already started to appear on the market.

VI. MIMO PLC RESEARCH CHALLENGES

Although many aspects of MIMO PLC, especially those

focusing on point-to-point (single user) MIMO, have already

been investigated as outlined in the previous sections, chal-

lenges remain in order to fully understand the physics of

MIMO transmission and optimally exploit this technology

for a wide scope of applications. Working the way up from

the physical layer, one may categorize MIMO PLC research

challenges as:

• Channel and noise characterization and modelling

• Channel and noise emulation

• Multi-user MIMO signal processing and Precoding

• EMC and cognitive methods

• Cooperation, relaying and network coding

Each of these categories is discussed in more detail in the

following subsections.

A. Channel and Noise Characterization and Modelling

Apart from the characterization of the propagation channel

and noise in Section II-C and Section II-D, further investi-

gation is required to efficiently exploit the physics of MIMO

transmission in a plurality of scenarios:

Future research with respect to the in-home scenarios should

focus on the cyclic temporal variations of the MIMO channel

conditions, in order to complement the findings already estab-

lished for SISO channels [144]. Further, recent research results

introduce the correlation of the colored background noise at

different ports [145], as well as the occurrence of impulsive

perturbations [146]. However, comprehensive multiport noise

models are still missing, and an even better understanding of

the correlation properties of the noise received at different

ports would help designers in developing efficient noise miti-

gation techniques. Additional system impairments, such as the

self-interference caused by undersized guard intervals [147],

also need precise modelling to achieve practical throughput

computations.

When turning to outdoor and access scenarios, that play an

increasingly important role in emerging advanced metering

infrastructure (AMI) and Smart Grid applications, modelling

the effects of transformers (see for example [148]), re-closers,

capacitor banks, and different country specific multi-phase

wiring practices are interesting points for further study. Also

from a practical point of view, bringing down the equipment

and installation costs of especially MV and HV couplers is

interesting. Moreover, to treat multi-user MIMO aspects, as

well as issues related to cooperation, relaying and network

coding (addressed in Subsection VI-E), the correlation (self-

similarity) between channels and noise events towards dif-

ferent users within the same PLC network is worth further

exploration.

With the desire to make e-mobility a reality, there is also

an increased interest to characterize MIMO PLC channels in

electric vehicles, so-called vehicle power line communications

(VPLC). Although measurement results start to be available

[149], [150] in some cases even up to cell-wise monitoring

of battery states [151], published results aiming specifically at

MIMO PLC are still scarce and further work is necessary.

B. Channel and Noise Emulation

Besides characterization, testing PLC modems in realistic

yet reproducible conditions is a major issue that requires hard-

ware emulators. The real time constraint of such equipment

raises issues related to the analog-to-digital and digital-to-

analog conversion capabilities, as well as complexity issues

related to the digital implementation of the channel and noise

filters. The design of couplers avoiding uncontrolled (parasitic)

propagation paths also represents an interesting challenge. In
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this line [152] presents a SISO narrowband channel emulator

and a comprehensive broadband channel emulator including

MIMO capabilities and cyclo-stationary behaviour is described

in [153].

C. Multi-user Signal Processing and Precoding

In terms of signal processing, current research primarily

focuses on increasing the available single user MIMO through-

put or coverage. Adding the constraint of minimizing the

undesired electromagnetic radiation and potential interference

to neighbors or other equipment opens interesting fields of

investigation and first insight on smart beamforming, time

reversal and advanced linar precoding techniques can, for

example, be found in [154]–[156], respectively.

Apart, through multi-user (multipoint) spatial division mul-

tiplexing the system throughput might be increased at the cost

of higher coordination overhead and complexity. First result

can, for example, be found in [113], where it is shown that

the limited number of ports and the high spatial correlation are

challenging issues. Nevertheless, spatial division multiplexing,

and interference suppression to and from neighboring links

are interesting research areas especially for densely populated

PLC networks.

D. EMC and Cognitive Methods

Cognitive PLC was standardized by EN50561-1 [86] solv-

ing the interference issues towards high frequency (HF) radio

broadcast in the time, frequency, and location domain. With

broadband PLC moving to higher frequencies, interferences

between power lines and digital subscriber lines (and es-

pecially to G.fast, the new digital subscriber line standard

developed by ITU-T [157], [158]) becomes more likely and

practical interference cancellation implementations are inter-

esting areas of ongoing development.

Generally, cognitive and active EMI mitigation scenarios

have the potential to revolutionize today’s EMC standard-

ization landscape. Instead of the traditional specification of

permanent immunity and emission thresholds, future systems

are likely to adapt to their environments and interesting reg-

ulation work is ongoing to specify the interference mitigation

techniques in order to be reproducible by EMC testing houses.

E. Cooperation, Relaying and Network Coding

Finally, cooperation and relaying have emerged as promis-

ing techniques in the wireless world [159], [160]. Moving

towards larger PLC networks, e.g. outdoor and access net-

works and distributed PLC systems to support the Smart

Grid, cooperative techniques have been specifically addressed

in [115], [116], [161]–[163]. Combining these schemes with

multi-user MIMO processing bears interesting research chal-

lenges, not only from an information theory and algorithmic

point of view but also considering implementation complexity

where significant problems with respect to pipelining, memory

requirements, and processing delays have to be dealt with.

It is, hence, expected to see first cost-effective real world

implementations to emerge in narrowband PLC systems and

standards. Additionally, as processing capabilities increase,

cooperative technologies might very well find their way into

broadband MIMO PLC mass market.

VII. CONCLUSION

This article presented the application of MIMO process-

ing to power line communication, by investigating many

relevant aspects of this technology: network topologies and

coupling methods, channel and noise characterization, EMC

regulation, MIMO capacity and signal processing, hardware

implementation aspects, and current standardization efforts.

While various high, medium and low voltage PLC topologies

were introduced, the focus was on low voltage in-home power

line topologies. Usage of MIMO techniques over in-home

topologies is possible because a protective earth wire is present

in all outlets in China and the Commonwealth of Nations,

at most outlets in Western countries and only at very few

outlets in Japan and Russia. A first lesson learned is that

the coupling functionality is key to exploit multiple ports

in a multi-wire transmission line. At the transmitter, only

two simultaneous differential mode signals can be injected,

in order to minimize radiated signals, and to comply with

Kirchhoff’s law. At the receiver, the three available differential

mode signals and the common mode signal can improve the

overall performance. While the general concept of MIMO

transmission is similar in the wireless and in the PLC context,

the power line environment bears its own specificity that needs

to be taken into account when designing MIMO systems.

From the propagation channel perspective, the sub-channels

formed by the Line, Neutral and Protective Earth wires can

present a high degree of correlation. However, this drawback

is compensated by the large values of SINR generally observed

in in-home PLC systems. As a result, the application of MIMO

processing to in-home PLC provides significant capacity gains

in the order of 2 to 2.5.

Broadband propagation characteristics were experimentally

investigated in the framework of a large scale MIMO PLC

measurement campaign carried out by ETSI Specialist Task

Force 410. Additionally, a broad range of relevant literature

was reviewed. It was found that the median channel attenuation

is 53 dB with a low pass behavior characterized by an atten-

uation of 0.2 dB/MHz. Investigation of the noise characteris-

tics indicated a complex noise structure, with a non-AWGN

background noise and impulsive noise events occurring at

different scales requiring, for example, the implementation of

a noise whitening filter at the receiver. Other aspects of PLC

noise seem interesting, for instance, the generally larger noise

correlation over receive ports leading to an increased capacity.

The paper reviewed the current EMC limits in the EU,

the US and Japan and provided recommendations regarding

future MIMO specific EMC regulations. The allowed tx power

along with the channel attenuation and noise characteristics

set the scene to develop the digital communication techniques

efficiently exploiting the MIMO feature. From the signal

processing point of view, PLC MIMO is similar to its wireless

counterpart. However, one key difference is noteworthy: PLC

systems are essentially closed-loop, as CSI is required at the
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transmitter to load different constellations on different carriers.

Therefore, popular open-loop tx diversity schemes such as

Alamouti space-time block coding are sub-optimal and are

generally not selected in the PLC context. In addition, because

of the generally high SINR operating points, multiplexing

schemes and not pure mean gain or diversity oriented schemes

are needed to achieve interesting MIMO gains. System simu-

lations revealed that the highest bitrates are achieved using

eigenbeamforming techniques also referred to as precoded

spatial multipexing.

Further, the paper presents a hardware simulator that was

built to test MIMO configurations as well as signal pro-

cessing options on-the-fly. Overall, a throughput gain by a

factor of two is possible. Clearly, permissible receiver cost

and complexity might restrict these options in real world

commercial implementations. Despite increased implementa-

tion complexity, MIMO signal processing has become an

integral part of present day broadband PLC systems, namely

of international standard ITU-T G.hn (specifically in G.9963)

and of specification HomePlug AV2, which is fully backward

compatible with IEEE 1901. Both include options for spatial

multiplexing with and without precoding. Commercial MIMO

hardware solutions are starting to become available and it is

expected that the addition of MIMO signal processing will

become a key factor to boost user satisfaction when connecting

their digital homes.
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in medium voltage systems: Characterization of MV cables,” IEEE

Transactions on Power Delivery, vol. 23, no. 4, pp. 1896–1902, October
2008.

[32] N. Pine and S. Choe, “Modified multipath model for broadband MIMO
power line communications,” in IEEE Int. Symp. on Power Line
Communications and its Applications, Beijing, China, April 2012.

[33] G. Held, Understanding broadband over power line. CRC Press,
2006.

[34] P. Sobotka, R. Taylor, and K. Iniewski, “Broadband over power
line communications: Home networking, broadband access, and smart
power grids,” in Internet Networks: Wired, Wireless, and Optical
Technologies, ser. Devices, Circuits, and Systems, K. Iniewski, Ed.
USA: CRC Press, December 2009, ch. 8.
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[53] F. J. Cañete, J. A. Cortés, L. Dı́ez, and J. T. Entrambasaguas, “Modeling
and evaluation of the indoor power line transmission medium,” IEEE

Communications Magazine, vol. 41, no. 4, pp. 41–47, April 2003.
[54] S. Galli and T. Banwell, “A novel approach to the modeling of

the indoor power line channel - Part II: Transfer function and its
properties,” IEEE Transactions on Power Delivery, vol. 20, no. 3, pp.
1869 – 1878, July 2005.

[55] T. Sartenaer and P. Delogne, “Deterministic modeling of the (shielded)
outdoor power line channel based on the multiconductor transmission
line equations,” IEEE Journal on Selected Areas in Communications,
vol. 24, no. 7, pp. 1277–1291, July 2006.

[56] H. Philipps, “Development of a statistical model for powerline com-
munication channels,” in International Symposium on Power Line

Communications (ISPLC), Limerick, Ireland, April 2000, pp. 153–160.
[57] J.-h. Lee, J.-h. Park, H.-S. Lee, G.-W. Lee, and S.-c. Kim, “Measure-

ment, modelling and simulation of power line channel for indoor high-
speed data communications,” in International Symposium on Power

Line Communications (ISPLC), Malmö, Sweden, March 2001, pp. 143–
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“Analysis of the indoor broadband power line noise scenario,” IEEE

Transactions on Electromagnetic Compatibility, vol. 52, no. 4, pp. 849–
858, November 2010.

[79] R. Hashmat, P. Pagani, A. Zeddam, and T. Chonavel, “Measurement
and analysis of inhome MIMO PLC channel noise,” in Fourth Work-
shop on Power Line Communications, Boppard, Germany, September
2010.

[80] R. Hashmat, P. Pagani, T. Chonavel, and A. Zeddam, “Analysis and
modeling of background noise for inhome MIMO PLC channels,” in
IEEE Int. Symp. on Power Line Communications and its Applications,
Beijing, China, March 2012.

[81] ——, “A time domain model of background noise for inhome MIMO
PLC networks,” IEEE Transactions on Power Delivery, vol. 27, no. 4,
pp. 2082–2089, October 2012.

[82] M. Tlich, P. Pagani, G. Avril, F. Gauthier, A. Zeddam, A. Kartit,
O. Isson, A. Tonello, F. Pecile, S. D’Alessandro, T. Zheng, M. Biondi,
G. Mijic, K. Kriznar, J.-Y. Baudais, and A. Maiga, “PLC channel
characterization and modelling,” OMEGA, European Union Project
Deliverable D3.2 v.1.2 IST Integrated Project No ICT-213311, February
2011, [online: http://www.ict-omega.eu/publications/deliverables.html,
accessed April 2013].

[83] P. Pagani, R. Hashmat, A. Schwager, D. Schneider, and W. Baschlin,
“European MIMO PLC field measurements: Noise analysis,” in Power
Line Communications and Its Applications (ISPLC), 2012 16th IEEE

International Symposium on, Beijing, China, march 2012, pp. 310–315.

[84] D. Rende, A. Nayagam, K. Afkhamie, L. Yonge, R. Riva, D. Veronesi,
F. Osnato, and P. Bisaglia, “Noise correlation and its effects on
capacity of inhome mimo power line channels,” in IEEE International

Symposium on Power Line Communications, Udine, Italy, April 2011,
pp. 60–65.
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formation technology equipment; Radio disturbance characteristics;
Limits and methods of measurement,” ICS CISPR, International Stan-
dard Norme CISPR 22, Edition 6.0, September 2008, ISBN 2-8318-
9960-5.

[86] C. European Committee for Electrotechnical Standardization, “Power
line communication apparatus used in low-voltage installations - Radio
disturbance characteristics - Limits and methods of measurement -
Part 1: Apparatus for in-home use,” October 2013. [Online]. Available:
http://www.cenelec.eu/dyn/www/f?p=104:110:3153742702003026::::
FSP ORG ID,FSP PROJECT,FSP LANG ID:814,23145,25

[87] European Telecommunication Standards Institute (ETSI), “Powerline
telecommunications (PLT); Coexistence between PLT modems and
short wave radio broadcasting services,” August 2008, ETSI TS 102
578 V1.2.1.

[88] CENELEC Techniqual Body, CLC/TC 210, “Electromagnetic com-
patibility (EMC),” December 2012, meeting 2012-12-06 to 2012-12-
07, Brussels, Belgium, http://www.cenelec.eu/dyn/www/f?p=104:31:
523691994931022::::FSP ORG ID,FSP LANG ID:814,25.

[89] Federal Communications Commission (FCC), “Amendment of part
15 regarding new requirements and measurement guidelines for
access broadband over power line systems,” Federal Communications
Commission, Tech. Rep. FCC 04 245, October 2004, report
and Order in ET Docket No. 04-37. [Online]. Available: http:
//hraunfoss.fcc.gov/edocs public/attachmatch/FCC-04-245A1.pdf

[90] ——, “Amendment of part 15 regarding new requirements and
measurement guidelines for access broadband over power line
systems; carrier current systems, including broadband over power
line systems,” Federal Communications Commission, Tech. Rep. FCC
06 113, July 2006, memorandum Opinion and Order in ET Docket
No. 04-37. [Online]. Available: http://hraunfoss.fcc.gov/edocs public/
attachmatch/FCC-06-113A1.pdf

[91] ——, “Part 15 - radio frequency devices,” Tech. Rep., 2009. [Online].
Available: http://www.gpo.gov/fdsys/pkg/CFR-2009-title47-vol1/pdf/
CFR-2009-title47-vol1-part15.pdf

[92] International Telecommunications Union (ITU), “The impact of
power line high data rate telecommunication systems on
radiocommunication systems below 30 MHz and between 80
and 470 MHz,” Recommendation SM.1879-1 (09.11), September
2011. [Online]. Available: http://www.itu.int/dms pubrec/itu-r/rec/sm/
R-REC-SM.1879-1-201109-I!!PDF-E.pdf

[93] A. Schwager and L. T. Berger, “PLC electromagnetic compatibility
regulations,” in MIMO Power Line Communications, ser. Devices,
Circuits, and Systems, L. T. Berger, A. Schwager, P. Pagani, and
D. M. Schneider, Eds. CRC Press, February 2014, ch. 6, pp.
169–186. [Online]. Available: http://www.crcnetbase.com/doi/pdfplus/
10.1201/b16540-9

[94] D. M. Schneider, “Inhome power line communications using multiple
input multiple output principles,” Dissertation, Verlag Dr. Hut, Ger-
many, January 2012.

[95] A. Paulraj, R. Nabar, and D. Gore, Introduction to Space-Time Wireless

Communications. Cambridge University Press, 2003.

[96] R. van Nee and R. Prasad, OFDM for wireless multimedia commu-

nications, ser. Universal personal communication. Artech House
Publishers, 2000.

[97] S. Galli, H. Koga, and N. Kodama, “Advanced signal processing for
PLCs: Wavelet-OFDM,” in IEEE International Symposium on Power

Line Communications and Its Applications, Jeju, South Korea, April
2008, pp. 187–192.

[98] P. Achaichia, M. Le Bot, and P. Siohan, “Windowed OFDM versus
OFDM/OQAM: A transmission capacity comparison in the HomePlug
AV context,” in IEEE International Symposium on Power Line Com-

munications and Its Applications (ISPLC), 2011, p. 405410.

[99] Y.-P. Lin and S.-M. Phoong, “Window designs for DFT-based mul-
ticarrier systems,” IEEE Transactions on Signal Processing, vol. 53,
no. 3, p. 10151024, 2005.

[100] S. M. Alamouti, “A simple transmitter diversity scheme for wireless
communications,” IEEE Journal on Selected Areas in Communications,
vol. 16, no. 8, pp. 1451–1458, October 1998.

[101] V. Tarokh, N. Seshardri, and A. R. Calderbank, “Space-time codes for
high data rate wireless communication: Performance criterion and code

This is the author’s version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available athttp://dx.doi.org/10.1109/COMST.2014.2339276

Copyright (c) 2014 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



L. T. BERGER ET AL.: MIMO POWER LINE COMMUNICATIONS 19

construction,” IEEE Transactions on Information Theory, vol. 44, no. 2,
pp. 744–765, March 1998.

[102] C. L. Giovaneli, J. Yazdani, P. Farrell, and B. Honary, “Application of
space-time diversity/coding for power line channels,” in International
Symposium on Power Line Communications and Its Applications (IS-

PLC), Athens, Greece, March 2002.

[103] C. L. Giovaneli, P. G. Farrell, and B. Honary, “Improved Space-
Time Coding Applications for Power Line Channels,” in International

Symposium on Power Line Communications and Its Applications,
Kyoto, Japan, 2003, pp. 50–55.

[104] H. Furukawa, T. Okada, Hiraku Yamazato, and M. Katayama, “Signal-
ing methods for broadcast transmission in power-line communication
systems,” in International Symposium on Power Line Communications

and Its Applications (ISPLC), Kyoto, Japan, March 2003.

[105] C. L. Giovaneli, B. Honary, and P. G. Farrell, “Optimum space-diversity
receiver for Class A noise channels,” in International Symposium on

Power Line Communications and Its Applications (ISPLC), Zaragoza,
Spain, April 2004.

[106] A. Papaioannou, G. D. Papadopoulos, and F.-N. Pavlidou, “Perfor-
mance of Space-Time Block Coding over the Power Line Channel in
Comparison with the Wireless Channel,” in International Symposium
on Power Line Communications and Its Applications, Zaragoza, Spain,
2004, pp. 362–366.

[107] ——, “Performance of Space-Time Block Coding in Powerline and
Satellite Communications,” Journal of Communication and Information

Systems, vol. 20, no. 3, pp. 174–181, 2005.

[108] C. Giovaneli, B. Honary, and P. Farrell, “Space-Frequency Coded
OFDM System for Multi-Wire Power Line Communications,” in
International Symposium on Power Line Communications and Its

Applications, Vancouver, Canada, 6-8 April 2005, pp. 191–195.

[109] B. Adebisi, S. Ali, and B. Honary, “Multi-Emitting/Multi-Receiving
Points MMFSK for Power-Line Communications,” in International

Symposium on Power Line Communications and Its Applications,
Dresden, Germany, 2009, pp. 239–243.

[110] F. de Campos, R. Machado, M. Ribeiro, and M. de Campos, “MISO
Single-Carrier System with Feedback Channel Information for Narrow-
band PLC Applications,” in International Symposium on Power Line
Communications and Its Applications, Dresden, Germany, 2009, pp.
301–306.

[111] L. T. Berger, “Performance of multi-antenna enhanced HSDPA;
generalised MIMO DS-CDMA SINR formulation and interference
modelling for run-time efficient HSDPA network performance
studies,” Dissertation, Aalborg University, Aalborg, Denmark, April
2005. [Online]. Available: http://130.225.51.77/ADM/research/reports/
PhD thesis Lars T Berger.pdf

[112] G. J. Foschini, “Layered space-time architecture for wireless commu-
nication in a fading environment when using multi-element antennas,”
Bell Labs Technical Journal, vol. 2, no. 2, pp. 41–59, Autumn 1996.

[113] Y. Sánchez Quintas, D. M. Schneider, and A. Schwager, “Multiuser
MIMO for power line communications,” in MIMO Power Line Com-

munications: Narrow and Broadband Standards, EMC, and Advanced
Processing, L. T. Berger, A. Schwager, P. Pagani, and D. M. Schneider,
Eds. CRC Press, February 2014, ch. 19, pp. 531–552.

[114] L. Lampe, R. Schober, and S. Yiu, “Distributed space-time coding for
multihop transmission in power line communication networks,” IEEE

Journal on Selected Areas in Communications, vol. 24, no. 7, pp. 1389–
1400, 2006.

[115] A. M. Tonello, F. Versolatto, and S. D’Alessandro, “Opportunistic
relaying in in-home PLC networks,” in IEEE GLOBECOM 2010,
Miami, USA, December 2010.

[116] L. Lampe and A. J. H. Vinck, “Cooperative multihop power line
communications,” in Power Line Communications and Its Applications

(ISPLC), 2012 16th IEEE International Symposium on, 2012, pp. 1–6.

[117] L. T. Berger and G. Moreno-Rodrı́guez, “Power line communication
channel modelling through concatenated IIR-filter elements,” Academy

Publisher Journal of Communications, vol. 4, no. 1, pp. 41–51,
February 2009.

[118] B. Vrcelj and P. P. Vaidyanathan, “MIMO biorthogonal partners and
applications,” IEEE Transactions on Signal Processing, vol. 50, no. 3,
pp. 528–542, 2002.

[119] A. Scaglione, P. Stoica, S. Barbarossa, G. B. Giannakis, and H. Sam-
path, “Optimal designs for space-time linear precoders and decoders,”
IEEE Transactions on Signal Processing, vol. 50, no. 5, pp. 1051–1064,
May 2002.

[120] D. J. Love, R. W. Heath, V. K. N. Lau, D. Gesbert, B. D. Rao, and
M. Andrews, “An overview of limited feedback in wireless communi-

cation systems,” IEEE Journal on Selected Areas in Communications,
vol. 26, no. 8, pp. 1341–1365, 2008.
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