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Abstract – In home, Power Line Communications (PLC) enables new and highly convenient networking functions without 
any additional wires to mains-powered devices. Multiple Input Multiple Output (MIMO) methods can significantly increase 
the PLC channel throughput and the link reliability. This article focuses first on the peculiarities of the electrical grid, with a 
survey of PLC channel capacity in a MIMO context. Besides, MIMO signal processing techniques most suited to PLC 
environments are discussed, allowing for throughput predictions. It is found that eigen beam forming is the best choice for 
MIMO PLC. In this work, we characterize, from measurements, the PLC channel capacity in the extended frequency range 2 
- 100 MHz. In this paper we focus on the capacity and BER (Bit Error Rate) improvement given by the MIMO scheme in 
PLC networks. 
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I. INTRODUCTION 
 
Today’s PLC systems use one transmit and one 
receive port for their data communication [1]. 
However, in 3-wire installations basically allow more 
feeding and receiving possibilities, which is the 
precondition to apply Multiple Input Multiple Output 
(MIMO) methods. Differential signaling between any 
2 of the 3 wires lead to 3 different feeding 
possibilities: L (Phase or Live) to N (Neutral), L to 
PE (Protective Earth), and N to PE. According to 
Kirchhoff’s rule the sum of the 3 input signals has to 
be 0. Therefore only 2 out of the 3 independent input 
ports can be used. On receiving side all 3 differential 
reception ports are available. Additionally there is a 
4th reception path, the so called common mode path 
(CM). CM signals are created unintentionally in 
unbalanced networks. Unbalanced parasitic capacities 
from installations or devices to ground cause a CM 
current returning to the source. Due to 
electromagnetic coupling between adjacent wires 
crosstalk arises, i.e. the transmit signal from any 
feeding port is visible on all 4 receiving ports. 
In [2] the suitability of MIMO for inhome PLC has 
been investigated. It has been shown that MIMO can 
significantly increase the bitrate: Typically it is more 
than doubled compared to today’s single input single 
output (SISO) systems. Different MIMO schemes 
like spatial multiplexing (SMX), precoded spatial 
multiplexing (also referred to as Eigenbeamforming) 
and the Alamouti scheme in conjunction with 
adaptive modulation have been compared in PLC 
system simulations [2-4]. Eigenbeamforming is 
considered to be the best choice in the PLC 
environment for several reasons: It offers the highest 
bitrate of all investigated schemes. Especially in 
correlated channels the precoding still allows high 
bitrates while SMX without precoding faces strong 
throughput degradations. 
 
MIMO PLC systems use multiple antenna elements at 

transmit and receive to improve capacity over single 
antenna topologies in multipath channel 
characteristics play key role in determining 
communication performance. Furthermore 
Orthogonal Frequency Division Multiplexing 
(OFDM) can be used in conjunction with a MIMO 
transceiver to increase the diversity gain and/or the 
system capacity by exploiting spatial domain. 
Because the OFDM system effectively provides 
numerous parallel narrowband channels, MIMO 
OFDM is considered a key technology in emerging 
high-data rate systems. 
 
PLC up to 100 MHz was discussed also in [5], where 
it was shown that multicarrier modulation schemes 
allow for SISO PLC communications up to 1 Gbps. 
New standards have exploited the benefit provided by 
the extension of the signaling bandwidth, and they 
currently enable communications up to 86 MHz 
(HomePlug AV2). In order to take advantage of 
MIMO techniques for PLC it is necessary to study 
MIMO PLC channel capacity. 
 
The channel capacity of indoor PLC channels is 
determined at frequencies 2-30 MHz and 2-100 MHz.  
A PLC transmission scheme is proposed. 
 
This paper is outlined as follows. Section II defines 
MIMO-OFDM signal for PLC and describes MIMO 
beamforming system, Section III summarizes the 
capacity measurements. In Section IV, the results of 
the MIMO-PLC system simulation and the 
investigation of the power line channel capacity are 
given. Finely we include the conclusion of this work. 
 
1. MIMO PLC System 
The PLC MIMO channel system with N  transmitting 
antennas and N  receiving antennas can be written as: 

)()(*)()( tntstHtr   where )(tr  is the received 
signal, )(ts  is the transmitted signal, and )(tn  is the 
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white Gaussian noise. 
 
The channel impulse response is )(tH  is 
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where tN  represents the number of transmitting 

antennas, and rN  represents the number of receiving 

antennas. )(tHMN  is a impulse response from the N-
th transmitting antenna to the M-th receiving antenna. 
The corresponding channel impulse response of 

)(tH is )(th . 
The MIMO channel capacity depends on how power 
is allocated in the available bandwidth. When the 
channel information is available to the receiver, the 
transmitting antennas distribute the power throughout 
the whole band equally. The channel capacity is: 
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where B  is the bandwidth, )( fN R is the noise 
power spectrum density (PSD) and (. )퐇 represents 
the matrix Hermitian. )( fPT  is the power spectrum 
density function. 
 
1.1. Spatial Multiplexing MIMO with Precoding 
(CLOSED-LOOP MIMO) 
In a precoding-based SM MIMO system, the receiver 
estimates the channel response matrix and conveys 
some sort of channel state information (this is usually 
called a ‘precoding matrix’), derived from this 
matrix, to the transmitter via a feedback channel [6]. 
The transmitter uses this channel state information 
(i.e. the precoding matrix) to adapt (‘precode’) its 
transmissions to the varying channel conditions. The 
scheme, also known as ‘closed-loop MIMO’ (due to 
the feedback from the receiver to transmitter), 
provides a good trade-off between receiver 
complexity and the ability to nearly achieve the 
channel capacity, compared to ‘open-loop’ MIMO 
schemes. NOTE: The previous description assumes 
that the transmitter gains access to the precoding 
matrix through feedback from the receiver. In a 
general description of a MIMO precoding scheme, 
there is another alternative. Theoretically (and under 
some circumstances), many channels are reciprocal, 
so the transmitter could estimate the channel on the 
other direction (based on frames it receives from the 
other node on the other direction) and use it to 
precode the data it transmits. This is sometimes 
referred to as ‘open-loop’ precoding (do not confuse 
it with open-loop MIMO which usually refers to SM) 
or ‘implicit feedback’. In practice, channel reciprocity 
is rather difficult to achieve: it requires some 

calibrations which might increase the overhead of the 
transmitted PHY frames. In addition, transmit and 
receive impedances in PLC are different, and for 
reciprocity to hold in PLC channels, they must be the 
same. Therefore, in principle, it seems this method is 
not viable in PLC. In order to derive the MIMO 
precoding scheme, we take the channel response 
matrix H and transform it to its singular value 
decomposition (SVD) [4]: 
 

H = UDV        (3) 
 
Where U are a unitary matrix of dimension Rn  Rn , 

V are also a unitary matrix of dimension Tn  Tn  

and D is a Rn  Tn  matrix whose elements are all 
zero except for the diagonal where there will be min(

Tn , Rn ) of the H matrix eigenvalues. The VH 
represents the complex conjugate transpose of the 
matrix V. 
 
1.2. MIMO with Beamforming 
We now consider the case where both the transmitter 
and receiver have knowledge of H and describe a 
practical technique that is used to implement spatial 
multiplexing called eigenbeamforming. We note that 
when the transmitter knows the channel matrix, its 
optimal strategy is, in general, not to distribute its 
transmit power equally among its transmit antennas, 
nor to make the cross-correlation between transmitted 
signals on different antennas zero, which, as we 
argued previously, are the optimum strategies under 
the CSIR only assumption. We write the channel 
matrix in terms of the product of three matrices using 
singular value decomposition as described in [7]. 
When applied to the channel matrix, that theorem 
states that if H has rank r, then there are unitary 
matrices, U and V, and a diagonal matrix 

},,,{)( 21 TNdiaguD   such that 

 
H = U , D , V ,           (4) 

 
The numbers of used transmit ports NT and used 
receive ports R define the MIMO configuration, 
which is called NT × NR MIMO. For example, using 
L–N and L–PE to feed and receive signals results in a 
2 × 2 MIMO configuration. HomePlug AV2 
specification supports MIMO configurations with up 
to two Tx ports and up to NR Rx ports. Some regions 
and homes with older electrical installations do not 
have the third wire installed in private buildings. In 
this scenario, HomePlug AV2 automatically switches 
to SISO operating mode. HomePlug AV2 also 
incorporates selection diversity in SISO mode. The 
ports used for feeding and receiving might be 
different from the traditional L–N feeding. If, for 
example, the path from L–PE to L–N offers better 
channel characteristics than L–N to L–N, the Tx can 
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choose to use the L–PE port for feeding. Fig. 1 shows 
a three-wire configuration with L, N and PE. 
 

 
Fig. 1:  MIMO PLC channel: different feeding and receiving 

options [4]. 
 
2. Measurements Results 

 Capacity of PLC channel 
In this section, we study the capacity improvements 
given by the deployment of multiple transmitters and 
receivers in topologies where the neutral and the PE 
wires are short circuited in the main panel. To 
measure the capacity along the PLC channel, we 
measure the capacity on a small band of 24 KHz in 
which the sub-channel can be considered frequency-
flat. After that, we can make the sum of all the bands. 
Here we focus on the 2-30 MHz and 2-100 MHz 
bands and we have chosen ∆f to be 24 KHz which is 
the standard carrier spacing in commercial OFDM 
based PLC systems. Therefore, 푁 = 1250 and 4083 
sub-channels have been considered for 2-30 MHz and 
2-100 MHz bands respectively. We transmit 
according to a fixed PSD mask, a PT(f) of −50 
dBm/Hz, is transmitted from 0 to 30 MHz and  and 
−80 dBm/Hz otherwise. The latter value enables 
satisfying CISPR requirements on radiated emissions 
[8]. For channel noise, a colored Gaussian noise 
model NR(f) is considered [9, 10]. Here we consider 
an additive white Gaussian noise with PSD = -140 
dBm/Hz. 
 
The MIMO capacity CMIMO  for a multi-port channel 
is calculated by 

C = Δf log (1

+
P (f )λ (f )

N (f )l )  bits. sec          (5) 

 
Where n is the number of transmit ports and l is the 
number of carrier frequencies. λ (f ) is the 
eigenvalues of HH  where H(f) is the channel matrix 
and (. )퐇 represents the matrix Hermitian. 
 
To measure the SISO capacity CSISO  we use a PN-PN 
transfer function h (f) which is justified from 
the practical point of view as well because the 
existing SISO PLC systems use PN port for data 
transfer. The SISO capacity is determined by 

C = Δflog (1

+
P (f )λ (f )

N (f ) )  bits. sec          (6) 

We define average spectral efficiency as the ratio 
between the average value of C and the correspondent 
transmission bandwidth: 

η =
C
NΔf         (7) 

 
In Table 1, we report the min, mean, and maximum 
value of CSISO for two transmission bands. 
Furthermore we compute the average spectral 
efficiency η. It is important to notice that the average 
increase of the achievable rate is not proportional to 
the increase of the transmission bandwidth. 
 
Band 

(MHz) 
Min{C} 
(Gbps) 

mean{C} 
(Gbps) 

Max{C} 
(Gbps) 

η 
(bps/Hz) 

2-30 0.114 0.382 0.512 13.64 
2-100 0.37 1.27 1.71 12.95 
 

Table 1: min, mean and Max values of MIMO capacity and 
average spectral efficiency η. 

 
SISO and MIMO capacity versus frequency are 
depicted in Fig. 3. It can be observed that SISO and 
MIMO capacities are higher for 2-30 MHz band, 
which corresponds to a higher transmit power. As can 
be noted, the MIMO scheme clearly outperforms 
SISO solution. It is important to notice at this point 
that in both SISO and MIMO capacity computations 
the same total transmit power is used. 

 

 
Fig. 2 : MIMO and SISO capacity 

 
II. SIMULATION RESULT 
 
Using results from computer simulations, in Fig. 3 we 
compare the performance of SISO, 
eigenbeamforming and Single-mode 
eigenbeamforming which refers to the particular form 
of eigenbeamforming in which information is only 
transmitted over a single eigenmode, the one with the 
largest eigenvalue. In general, we find that the 
relative performance of these techniques depends on 
the signal-to-noise ratio. For low SNR, the capacity 
results of the tree schemes are quite close. For high 
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SNR The plot confirms that even though single-mode 
eigenbeamforming only transmits data on a single 
eigenmode, its capacity is still larger than a SISO 
system. 

 
Fig. 3: Ergodic Capacity for  PLC channel 

 
From the simulations results (Fig. 4), several 
conclusions could be drawn: 

 MIMO scheme has the lowest BER. 
 The gap between SISO and MIMO increase 

with SNR 
 It is very clear from the results shown in 

figure 5 that the performance of MIMO is 
better than SISO over PLC channel. 

 
Fig. 4: BER comparison of MIMO based 2*4 MIMO-OFDM 

and SISO over PLC channel 
 
CONCLUSION 
 
This paper introduced MIMO system to PLC 
networks. We have presented the capacity of the PLC 

channel from the results of an experimental 
measurement campaign performed on a specific 
electrical network. Furthermore, we have inferred the 
performance improvement provided by the band 
extension. The effect MIMO schemes on the capacity 
of a MIMO PL system with two transmit ports and 
four receiver ports is studied, and it is observed that 
MIMO with Beamforming indeed helps to increase 
the MIMO channel capacity. The comparison of 
several MIMO schemes aimed at answering the 
question which MIMO scheme is suited best for in-
home PLC. the performance of MIMO is better than 
SISO over PLC channel. The performance of MIMO 
system is compared with the SISO scheme over PLC 
channel 
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