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Abstract—Interference alignment (IA) improves the sum rate
of indoor broadband multiple input multiple output (MIMO)
power line communications (PLC) systems in multi-user scenarios
by allowing simultaneous connections over the shared medium.
Similarly, the data rate can be enhanced by exploiting noise
correlation by means of a whitening transformation. This work
assesses the performance gain achieved by combining IA and
noise whitening (NW) in MIMO PLC multi-user scenarios. Since
NW renders the equivalent channel non-reciprocal and most IA
algorithms are based on this assumption, a novel IA algorithm
that does not rely on this property is proposed. The presented
analysis takes into account the overhead of the feedback of the
channel state information (CSI) required by the IA scheme.
The assessment is accomplished in a set of 1000 scenarios
generated out of measured channels. Obtained results show that
the proposal improves the sum rate in the 2–88 MHz band by
95.6 Mbit/s in the 20th percentile, and 50 Mbit/s in the 80th
percentile. While in the 88–108 MHz band absolute gains are
smaller because the low power spectral density (PSD) of the
injected signal, relative gains exceed 20% in 40% of the scenarios.

I. INTRODUCTION

Indoor broadband power line communications (PLC) is a
mature technology for delivering multimedia content in homes
and small offices, where it can also cooperate with wireless
systems to improve coverage. It has also been proposed as a
backhaul for visible light communications (VLC) and Internet
of things (IoT) applications [1] [2]. The ITU-T G.hn standard
and the Homeplug AV2 industry specification define two of the
most widely used systems in these contexts [3] [4] [5]. They
employ multiple input multiple output (MIMO) orthogonal
frequency division multiplexing (OFDM)-based systems with
4096 subcarriers in the frequency band up to 100 MHz.

The referred PLC systems avoid multi-user interference
by using time-division multiple access (TDMA) with both
contention-free and carrier sense multiple access (CSMA) re-
gions. However, TDMA results in inefficient utilization of the
shared medium, as only one user transmits at a time. To allow
simultaneous transmissions in MIMO systems, the technique
known as interference alignment (IA) has been proposed [6,
Ch. 2]. By designing the precoding and combining matrices in

a coordinated manner, such that the desired and interference
signals are projected onto orthogonal spaces at the receiver
side, the aggregate data rate of the network can be enhanced
[7] [8] [9]. However, its feasibility is not always guaranteed
and requires the number of streams to be lower than the
number of degrees of freedom of the considered scenario. The
latter is determined by the number of users, the number of
transmitting and receiving ports, and the spatial correlation of
the involved MIMO channels [6, Ch. 4].

The feasibility of IA in simplified PLC networks and
under the assumption of uncorrelated noise between ports
was assessed in [10]. These results were further extended
in [11], showing that accounting for the spatial correlation
(between ports) of PLC noise in the design of the precoding
and combining matrices reported notable data rate gains.

Spatial correlation of PLC noise is particularly prominent in
the 88–108 MHz band, where radiated frequency modulation
(FM) emissions from broadcast services couple to all the con-
ductors of the power lines in a similar way. The work in [12]
showed that the exploitation of this phenomenon by means of
a whitening transformation makes MIMO PLC feasible in the
88–108 MHz band, even if the power spectral density (PSD)
of the injected signal is as low as −100 dBm/Hz.

The aim of this work is to evaluate the performance
improvement achieved through the joint application of IA
and noise whitening (NW) to indoor broadband MIMO PLC
systems. In this context, it makes two main contributions:

• The assessment of the feasibility of IA strategies over
conventional TDMA schemes in actual PLC channel
frequency responses (CFRs) and noise registers measured
in several European countries.

• The evaluation of the data rate gain achieved by com-
bining IA and NW. The latter technique renders the
equivalent channel non-reciprocal, as the noise differs be-
tween the transmitting and receiving ends. This degrades
the performance of the most widely used IA algorithms,
which assume channel reciprocity. To address this issue,
a simple algorithm that does not rely on this premise is
proposed. The assessment takes into account the overhead
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of the feedback of the channel state information (CSI)
required by the IA scheme.

The rest of the paper is organized as follows. Section II
describes the system model. The employed IA algorithms are
introduced in Section III and their performance is evaluated
in Section IV. Finally, Section V concludes the paper.

II. SYSTEM MODEL

Let us consider the multi-user interference scenario por-
trayed in Fig. 1, with Nu users sharing the same transmission
media. Half of the users are configured as transmitters, and
their indices are in the set T . The other half are configured as
receivers, and their indices are in the set R. Each transmitter
j ∈ T has a single target receiver, that is denoted as
rj ∈ R. Likewise, each receiver i ∈ R has a single legitimate
transmitter, that is denoted as ki ∈ T . This mutual relation can
be expressed as i = rj ⇔ j = ki ∀(i, j) : i ∈ R ∧ j ∈ T . All
users communicate simultaneously, so every receiver suffers
interference coming from Nu/2 − 1 interfering transmitters.
Each user employs an NT × NR MIMO OFDM system to
convey Nstr data streams.

Fig. 1. Indoor PLC network with Nu users, half as transmitters and
the other as receivers. There is only one legitimate transmitter for each
receiver. Interfering links are drawn in dashed lines and legitimate ones in
solid line. For illustrative purposes, odd indices are assigned to transmitters,
T = {1, 3, ..., Nu − 1}, and even indices to receivers, R = {2, 4, ..., Nu}.

A. Transmission and Reception

Assuming that the cyclic prefix is long enough to avoid
inter-symbol interference (ISI) and inter-carrier interference
(ICI), the NR × NT MIMO CFR matrix between the j-th
transmitter and the i-th receiver for the k-th subcarrier is
denoted as Hi,j(k). For simplicity, expressions will be given
for a generic subcarrier, so the index k will be omitted in the
notation, i.e., Hi,j(k) = Hi,j .

Let dj = [d
(1)
j , . . . , d

(Nstr)
j ]T be the set of data symbols

transmitted by the j-th user through all its data streams. These
symbols are beamformed using the NT ×Nstr matrix Vj and
transmitted through the channel. The set of symbols received
by the i-th user through all their ports can be expressed as

yi=[y
(1)
i , . . . , y

(NR)
i ]T=Hi,kiVkidki +

∑
j∈R;j ̸=i

Hi,kjVkjdkj+zi,

(1)
where zi is the NR×1 vector that contains the samples of noise
present in the receiving ports, which is assumed to be zero

mean. The streams are decoded from yi using the NR ×Nstr
projection matrix Ui. The l-th data stream received by user i,
can be expressed as
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for all i, j ∈ R and for l,m = 1, . . . , Nstr, where u
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are the l-th and m-th columns of matrices Ui

and Vki
, respectively, and ŝ
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the interfering parts of the symbol, respectively. Interference
comes from the data streams transmitted by other users and
from other data streams from the legitimate user.

Assuming that the data symbols transmitted in each stream
are white and independent of the sequences transmitted in
other streams, and provided that E
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The expression of the signal to interference and noise ratio
(SINR) for the l-th received data stream of the i-th user is

SINR
(l)
i =

P
ŝ
(l)
i

P
š
(l)
i

+ (u
(l)
i )HΦiu

(l)
i

, (5)

where Φi = E{zizH
i } is the noise correlation matrix at the

receiver of the i-th user.
When NW is added to the considered system, the signal

received by the i-th user, yi, is multiplied by a whitening
matrix, Wi, which is derived from Φi [13, Sec. 9.2.1]. The
presented analysis can still be applied just by considering that
the effective channel between the i-th receiver and the j-th
transmitter is H̃i,j = WiHi,j , and the whitened noise, wi =
Wizi, is spatially uncorrelated and has unitary power. It is
worth noting that the resulting effective channel is no longer
reciprocal, since the whitening matrix depends on the noise at
the receiving side.

III. INTERFERENCE ALIGNMENT ALGORITHMS

This section describes the four IA iterative algorithms em-
ployed in this work. The first three algorithms are taken from
the literature, while the fourth is proposed as an adaptation of
one of the former to non-reciprocal scenarios.

A. IA algorithms reliant on channel reciprocity

Two widespread IA iterative algorithms for designing the
precoding and combination matrices are the so-called Min-
IL (minimize interference leakage) and Max-SINR (maximize
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SINR) proposed in [7]. The first one seeks to minimize the
interference at each receiver (disregarding the noise), and the
second is aimed at maximizing the SINR of each data stream.
By exploiting the channel reciprocity, both of them can be
implemented in a distributed manner that requires only local
system information. This avoids the need of exchanging CSI,
however, a training phase is required for the receivers to
learn the channel from their legitimate transmitter, and also
the interference and noise statistics. This training phase must
be performed at each iteration, which entails an important
efficiency loss. In this work, we employ the extension of the
Max-SINR algorithm made in [11] to account for the spatial
correlation of noise between PLC receiving ports.

B. IA algorithms non-reliant on channel reciprocity

Since the NW procedure makes the equivalent channel non-
reciprocal, the performance of the Min-IL and Max-SINR
algorithms is unknown and their convergence is not guaranteed
when combined with NW. To address this issue, two iterative
algorithms that do not rely on this property are employed.
They must be implemented in a centralized fashion and CSI
from all users has to be available.

1) Generalized Min-IL (G-Min-IL): This iterative algorithm
was proposed as a generalization of Min-IL that does not rely
on channel reciprocity. The reader is kindly referred to [8] for
further details.

2) Generalized Max-SINR (G-Max-SINR): We propose this
algorithm as an adaptation of the Max-SINR in [11] to non-
reciprocal scenarios. It aims at maximizing the SINR of all
users simultaneously.

The interference plus noise correlation matrix for the i-th
receiving user and the l-th data stream is computed as

Υ
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Then, the columns of the combining matrix that maximize the
SINR of the l-th data stream can be obtained as [7]

u
(l)
i =

(
Υ

(l)
i

)−1

Hi,ki
v
(l)
ki∥∥∥∥(Υ(l)

i

)−1

Hi,ki
v
(l)
ki

∥∥∥∥ . (7)

Since channel reciprocity does not hold, the following
matrix is proposed to account for the interference that the l-th
stream of user j produces in other streams,

Ψ
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∑
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ρ
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The columns of the precoding matrices that maximize the
SINR are obtained as

v
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The SINR after each iteration is then obtained using (5). These
magnitudes are computed for every transmitter j ∈ T , every
receiver i ∈ R and for every stream l ∈ {1, . . . , Nstr}. These
steps are repeated until the change in the SINR in subsequent
iterations is lower than a given threshold.

IV. NUMERICAL RESULTS

This section assesses the performance attained by the pre-
sented IA algorithms with and without NW. The case in which
interference between users is avoided by means of TDMA is
used as a reference. The assessment is carried out using a
set of 40 noise registers and 113 CFR matrices measured in
Belgium, Germany and the United Kingdom [14]. These CFR
and noise registers are randomly arranged to assemble 1000
multi-user scenarios, each with Nu = 4 users.

All users employ a 2 × 2 MIMO scheme, through which
they transmit Nstr = 1 data streams. The latter is determined
by the feasibility condition [6], which limits the number of
data streams per user to Nstr ≤ (NT + NR)/(Nu/2 + 1) . In
any other case, Nstr depends on the multiplexing gain of the
MIMO channel, but is limited to Nstr ≤ min{NR, NT}.

An OFDM system like the one defined in the ITU-T
G.hn is employed [3], except that the bandwidth is ex-
tended up to 108 MHz, but keeping the subcarrier spac-
ing to ∆f = 24.41 (kHz). Since measured CFRs are only
available up to 100 MHz, values in the 100 − 108 MHz
band are estimated from the ones in the 92 − 100 MHz
range as [Hi,j(f)]p,q = 10α(f−100)/10[Hi,j(200− f))]p,q , for
100 ≤ f (MHz) ≤ 108 and α is introduced to account for
the low pass profile of PLC channels and is computed from
the robust regression fit of the attenuation of corresponding
MIMO path, [Hi,j(f)]p,q , for 2 ≤ f (MHz) ≤ 100. Pulses
have raised cosine (RC) shaped transitions. As for the injected
PSD, we follow the ITU Rec. G.9964 [15]. In the 88-108
MHz subband, the injected PSD is limited to -100 dBm/Hz
to avoid interfering FM emissions. As a reference, it is worth
mentioning that this value is lower than the limit imposed by
the European Standard EN 50561-1 for the excluded frequency
ranges defined to prevent PLC systems from interfering with
existing radio services in the band below 30 MHz [16]. The
spectral efficiency is limited to bmax = 12 bit/s/Hz.

All IA algorithms are iterated a maximum of 5000 times.
They are considered to have converged if the optimization
metric varies less than 10-12 between iterations.

As a figure of merit, the sum rate attained in each scenario
is used,

S =
∑
i∈R

Ri, (10)

where Ri is the data rate for the receiving user i. While
the distribution of the noise and interference is unknown,
assuming them to be Gaussian and independent to each other
gives a lower bound for the bit rate, since the Gaussian
distribution has the largest entropy for a given variance,

Ri=∆f
∑
k∈K

Nstr∑
l=1

min
{
bmax, log2

(
1 + SINR

(ℓ)
i (k)

)}
, (11)
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where K denotes the set of active carriers.
For the TDMA case, only one user transmits at a time.

Hence, there is no interference from unwanted transmitters and
the attainable sum rate for each user is RTDMA

i = Ri/(Nu/2),
with Ri computed from (11) with P

š
(l)
i

= 0.

A. Sum rate performance

The sum rate achieved with each of the IA algorithms,
both on their own and in combination with NW, is obtained
using (10) and their cumulative distribution function (CDF)
is calculated. The sum rate for the TDMA system, with and
without NW, is provided as a baseline. The case where NW
is employed will be denoted as ‘NW’, while ‘w/o NW’ refers
to the case in which it is not used. Since noise correlation is
much higher in the 88−108 MHz band, the analysis separately
assesses the performance improvement given by NW in this
band and in the 2− 88 MHz one.

1) 2–88 MHz subband: Fig. 2 (a) shows the CDF of the
sum rate obtained in the frequency band 2–88 MHz when the
four proposed algorithms, with and without combining it with
the NW scheme, are evaluated in the 1000 PLC scenarios. A
notable result is that the sum rate distribution for algorithms
Min-IL and G-Min-IL is roughly the same regardless of
whether NW is applied (the four curves almost overlap).
This effect is due to both algorithms focusing exclusively on
reducing the interference without accounting for the noise. At
the same time, their distribution is similar to that of the sum
rate attained by the TDMA. It is noted that NW yields losses
when combined with Min-IL and, specially, Max-SINR. For
the former, losses are minimal, while for the latter the 80th
percentile value is degraded from 1.48 Gbit/s down to 1.21
Gbit/s. The reason is that they rely on channel reciprocity,
which is lost when the noise is whitened. On the other hand,
G-Max-SINR leverages the SINR gain resulting from spatial
noise decorrelation and achieves an increase of 95.6 Mbit/s
in the 20th percentile, and 50 Mbit/s in the 50th and 80th
percentiles with respect to the IA ‘w/o NW’ system. It must
be emphasized the notable sum rate improvement achieved by
the combined IA and NW with respect to the TDMA case,
which is 356 Mbit/s in the 50th percentile.

In order to assess the gain given by the combined use of
IA and NW with respect to the case where IA is used without
NW in each of the 1000 scenarios employed in the study, Fig.
2 (b) shows the CDF of the sum rate gain, defined as the ratio
of the sum rates of both cases. As observed, the Max-SINR
yields losses in almost 100% of the scenarios. Similarly, with
Min-IL, 60% of the scenarios experience sum rate losses of
up to 10% when NW is applied. Only in 10% of the scenarios
gains greater than 5% are obtained. These losses are due to
these algorithms relying on channel reciprocity, a condition
that is lost due to NW.

Regarding the G-Min-IL and G-Max-SINR, it can be ob-
served that they yield sum rate losses in certain scenarios,
which may seem contradictory to the results shown in Fig. 2
(a), where curves corresponding to the combined use of IA and
NW appear to the right of those corresponding to IA without

NW. The CDF moves to the right when adding NW, even
if the sum rate is degraded in some scenarios, because the
sum rate is improved in most scenarios and the degraded sum
rate values are still higher than those of other scenarios of the
‘w/o NW’ case. Nevertheless, adding NW yields almost no
gains when G-Min-IL is used, which is due to this algorithm
disregarding the noise. Interestingly, when G-Max-SINR is
employed, sum rate gains greater than 11% are achieved in
20% of the scenarios, although sum rate losses of up to 5%
occur in approximately 8% of the scenarios. Since Min-IL and
Max-SINR have proved to be perform poorer than G-Min-IL
and G-Max-SINR in non-reciprocal scenarios, in the following
only the latter two will be considered.
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Fig. 2. CDF of the (a) sum rate of the TDMA, IA and combined IA and
NW schemes; (b) sum rate gain of the combined IA and NW scheme with
respect to the IA without NW in the 2–88 MHz frequency band.

2) 88–108 MHz subband: Fig. 3 (a) shows the CDF of
the sum rate obtained in the 88–108 MHz subband. As seen,
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the median value of the attained sum rate is much lower than
a quarter of the median in the 2–88 MHz band, despite the
bandwidth of the 88–108 MHz range is one quarter of the
former. This is due to the low PSD imposed to the injected
signal, which is 15 dB lower than the one in the 30–88
MHz band. The dominance of noise over interference is such
that decorrelating the noise generally gives higher sum rates
than the ones achieved by eliminating the interference at the
receiver. This is evinced by the G-Min-IL case (its two curves
overlap), whose CDFs are to the left of the one of the TDMA
with NW. Regarding G-Max-SINR, the improvement over the
IA ‘w/o NW’ system is 8 Mbit/s at the median and 17 Mbit/s
at the 80th percentile. Compared to the TDMA system, these
values increase to 24 Mbit/s and 69.8 Mbit/s, respectively.

While these values are lower than those obtained in the 2–88
MHz, it must be taken into account that the reference bit rates
are also lower. To assess the gain obtained in each channel,
Fig. 3 (b) shows the CDF of the sum rate gain obtained by the
combined use of IA and NW with respect to the IA without
NW. As expected, the gain that NW gives when combined
with G-Min-IL is limited and, in about half of the scenarios,
is counterproductive. In contrast, when G-Max-SINR is used,
the attainable gain exceeds 20% in 40% of the scenarios, and
are greater than 36% in 20% of them.

B. Overhead due to CSI feedback

The proposed G-Min-IL and G-Max-SINR require the re-
ceiving nodes to transmit their CSI to a centralized entity that
calculates the optimal precoding and receiving matrices. Then,
the latter are transmitted to the corresponding nodes. The total
number of coefficients exchanged between the central entity
and the users in this process is

Mcoef = (Nu/2 ·Nu/2 ·NT ·NR +Nu/2 ·N2
R+

Nu/2 ·Nstr ·NT +Nu/2 ·Nstr ·NR) ·Nsc,
(12)

where Nsc denotes the number of active subcarriers.
The first and second addends between brackets on the right-

hand side of (12) accounts for the initial CSI exchange (CFR
and noise correlation matrices), and the second and third terms
account for the transmission of the optimal IA matrices to the
corresponding users. During the CSI exchange, each receiving
user transmits to the central unit their estimates of the NT×NR
sized CFR matrices with every other transmitting user. The
noise correlation matrices are NR × NR. After the optimal
precoding (NT ×Nstr) and receiving (NR ×Nstr) matrices are
computed, they are sent to the corresponding transmitters and
receivers, respectively. This procedure is performed for every
active subcarrier.

Provided that the PLC channel varies over time, the data
rate required for the CSI exchange between users and the
central unit can be obtained as (2 ·Mcoef ·B)/Tcoh, where the 2
accounts for the real and imaginary parts of each coefficient,
B denotes the number of bits used to represent each coefficient
and Tcoh is the channel coherence time. Indoor PLC channels
show short-term and long-term variations. For the moment,
the former component will be neglected, for its effect to be
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Fig. 3. CDF of the (a) sum rate of the TDMA, IA and combined IA and
NW schemes; (b) sum rate gain of the combined IA and NW scheme with
respect to the IA without NW in the 88–108 MHz frequency band.

studied thereafter. The long-term variations are produced by
the connection and disconnection of devices from the grid,
which can be assumed to occur every several minutes.

As a reference, the data rate required to exchange the CSI
and IA matrices in the scenario proposed in the previous
subsection is given in Table I. Two subbands are considered,
2–88 MHz and the 88–108 MHz, and two different coherence
times are used: 4 minutes (240 s) and 10 minutes (600 s). It
should be emphasized that, even in the wider subband, the data
rate required to exchange these matrices is several orders of
magnitude below the gain that the proposed scheme attains in
most scenarios. For example, when considering the 2–88 MHz
subband, the proposed scheme attains gains greater than 1%
in 90% of the scenarios, since the base sum rate is 700 Mbit/s.
This means that the sum rate increment is approximately 1000
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times the data rate required for the CSI exchange. This can be
alternatively interpreted as follows: reporting the CSI at the
referred bit rate (707 Mbit/s) results in an efficiency loss of
only 0.001%.

TABLE I
BIT RATE REQUIRED FOR THE CSI EXCHANGE PROCEDURE IN THE 2–88

MHZ AND THE 88–108 MHZ BANDS.

Subband Nsc B Tcoh Bit rate

2− 88 MHz 3522 16 bits
240 s 7.51 kbit/s

600 s 3 kbit/s

88− 108 MHz 819 16 bits
240 s 1.75 kbit/s

600 s 0.7 kbit/s

If the short-term variations were to be accounted for, their
periodic nature, synchronous with the mains frequency, allows
for a simple solution: defining a few (4 or 8) regions within
a cycle where the channel can be considered time-invariant,
and obtaining the optimal IA matrices for those regions. This
procedure entails multiplying the rates in Table I by the
number of considered regions. However, this increase is still
far outweighed by the attained gains.

V. CONCLUSION

This work has assessed the sum rate gain given by the
combined use of IA and NW to improve the sum rate achieved
in indoor broadband MIMO PLC multi-user scenarios. Since
most IA algorithms have been derived under the assumption
that the channel is reciprocal, a condition that no longer holds
when NW is added, an iterative IA algorithm designed to
operate without depending on this property has been proposed.
Its performance has been assessed in a set of 1000 scenarios
generated from measured CFR and noise registers.

The presented results indicate that the combined use of IA
and NW enhances the sum rate of MIMO PLC multi-user
scenarios, provided that the employed IA algorithm aims to
maximize the SINR rather than merely create an interference-
free subspace. The gain achieved by adding NW to the IA
process is particularly beneficial in frequency bands where the
dominant noise components are radio frequency interferences
coupled to the power line conductors via radiation, such as in
the 88–108 MHz band, where the proposed scheme attains a
median sum rate of approximately 40 Mbit/s with an injected
PSD of only −100 dBm/Hz. The addition of NW requires the
IA process to be performed in a centralized manner. However,
the resulting gains in sum rate have been shown to more than
compensate for the overhead associated with CSI exchange.
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