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ABSTRACT Small cells are low-power and low-range radio access nodes that can be used to increase
network capacity in reduced areas with high traffic demand and to provide coverage to small isolated zones.
As their number is expected to be very high, connecting them to the aggregation point in a cost-efficient
manner is a key challenge, and there is consensus that none of the current technologies is valid for all
scenarios. Since lamp-posts are one of the most convenient locations for outdoor small cells, this work
analyzes the use of power line communications (PLC) over outdoor public lighting networks (OPLN) as
a backhaul technology for outdoor small cell deployments. To this end, the characteristics of the PLC
channels established in OPLN are firstly assessed. The analysis combines noise measurements performed in
existing OPLN and channel responses obtained from a multiconductor transmission line (MTL) model. The
attenuation, delay spread and spatial correlation of the multiple-input multiple-output (MIMO) channels are
investigated and their influence in the physical layer parameters of PLC systems is discussed. Afterward,
the performance achieved by state-of-the-art PLC systems is assessed. To this end, estimations obtained by
means of simulations and measurements taken in actual networks are included. Data throughput achieved by
PLC systems based on the ITU-T G.hn standard, as well as the expected improvements obtained by 3 × 3
MIMO systems, are given. Results indicate that PLC can be an interesting technology for coverage-driven
small cell deployments with backhaul length shorter than 150 m, offering throughput values similar to
existing Sub-6 GHz wireless solutions in non-line-of-sight (NLOS) conditions and wired ones like G.fast.

INDEX TERMS Power line communications, backhaul, small cells, outdoor public lighting networks.

I. INTRODUCTION
Mobile data traffic has been annually increasing by approx-
imately 30% in the last six years. This trend is expected to
continue in the near future, with an expected growth factor
close to 5 in the term 2019-2025 [1]. Most of this traffic will
be due to fourth generation (4G) system connections, which
in 2019 exceeded the aggregated value of the remaining
generations, and that by 2023 are expected to represent about
46% of the total mobile connections, while fifth generation
(5G) ones will be about 10.6% [2].

The associate editor coordinating the review of this manuscript and
approving it for publication was Jiafeng Xie.

Three main strategies are used to accommodate this
enormous demand. A first one improves physical layer
(PHY) procedures by introducing denser constellations and
full dimension multiple-input multiple-output (MIMO) tech-
niques at the base station (BS), just to name a couple of
examples.

Another strategy is to extend the employed bandwidth.
To this end, millimeter wave (mmWave) bands above 24 GHz
have been allocated to 5G and the unlicensed spectrum at
5 GHz is being used in Long Term Evolution (LTE) [3].
Two different approaches can be employed for the latter:
to use Wi-Fi as radio technology in the unlicensed band
and aggregate it with the LTE flow used in a licensed one,
as in LTE-WLANAggregation (LWA), and to use LTE Radio
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Access Network (RAN) also in the unlicensed band, as in
Licensed Assisted Access (LAA) [4]. Interestingly, the use
of both mmWave and 5-GHz bands require small cell sizes
because of the higher propagation loss.

The third strategy is to increase the density of BS, which
is usually referred to as network densification [5]. How-
ever, the deployment of macro cells is expensive. In addi-
tion, the density of macro cells per km2 in some urban
areas is causing a serious shortage of available sites. More-
over, the concern about macrocellular BS radiation is lead-
ing municipalities to restrict the installation of new towers.
Hence, small cells with low-cost and low-power BS, with
coverage range from tenths to several hundred meters, offer
a simpler cost-effective alternative to this end. Small cells
can be used both to increase network capacity in congested
hotspots and to provide coverage to rural isolated localities
with no macrocell coverage [6].

Note that two out of the three above strategies rely on the
deployment of small cells. In fact, these are considered a
key enabling technology for 5G networks and its number is
forecasted to become an order of magnitude larger than the
current number of macrocells [6]–[8]. In the case of outdoor
small cells, the availability of a cost-efficient connection to
the first point of aggregation, usually referred to as (last mile)
backhaul, is of paramount importance. Since the backhauling
system may represent about 50% of the total cost of owner-
ship (TCO) of small cell deployments [9], mobile network
operators (MNO) consider sites and backhaul costs as the
main barriers for network densification [10].

Many wireless and wired alternatives have been consid-
ered for the backhaul. The former encompasses microwave,
mmWave and even free-space optical (FSO) for line-of-sight
(LOS) links and sub-6 GHz solutions for non-line-of-sight
(NLOS) ones. Satellite and television white space (TVWS)
are also being considered. Alternatively, wired technologies
include fiber optic-based solutions, digital subscriber line
(DSL) and hybrid fiber-coax technologies such as data over
cable service interface specification (DOCSIS). However,
it is well accepted that no solution is valid for all scenarios.
The reader is referred to [6], [11] and references therein for
detailed analyses of the referred backhaul technologies.

Lamp-posts are one of the most convenient location for
outdoor small cell BS [6], [12]. They are widely spread in
public spaces and connected to the mains electricity (gen-
erally by means of underground conduits). In this context,
the use of power line communications (PLC) over outdoor
public lighting networks (OPLN) as backhauling technology
may be a cost-effective solution, since the equipment, infras-
tructure and leasing costs are very small [13]. Indeed, it is
currently being used as a backbone for video surveillance
cameras and Wi-Fi hot spots [14].

The term PLC denotes a set of technologies in which
information is conveyed through the electrical wires. PLC
systems are commonly classified according to the employed
bandwidth into narrowband (NB), using frequencies up to
500 kHz, medium band (MB), transmitting in the band up

to 12 MHz, and broadband (BB), using frequencies up to
100 MHz. NB and MB are mainly used in industrial and
Smart Grid applications [15], [16]. BB PLC systems have
been mainly used for in-home multimedia services, although
they are also used in Smart Grid. By employing multicarrier
modulations, adaptive bit-loading, MIMO techniques and
strong coding schemes, state-of-the-art BB PLC achieve PHY
throughput values around 1.5 Gbit/s [17]. Further perfor-
mance gains can be achieved, for instance, by exploiting the
non-Gaussian nature of the noise [18] and its correlation in
certain frequency bands [19], by using in-band full duplex
(IBFD) techniques [20] and other medium access control
(MAC) improvements [21]. This article focuses on BB PLC
systems for outdoor small cells, hereafter referred simply to
as PLC and small cells, respectively.

In this context, the use of PLC over the medium-to-low
voltage (MV/LV) network and the modeling of the traffic
to be backhauled has already been explored in [22]. This
work focuses on assessing the characteristics of PLC channels
established in OPLN and evaluating the capability of PLC
systems to fulfill the requisites of the backhaul for different
small cell uses cases. It makes two main contributions:
• The characteristics of PLC channels in OPLN are qual-
itatively and quantitatively described. The study com-
bines noise measurements accomplished in actual net-
works with a multiconductor transmission line (MTL)
modeling of the channel response.

• Performance values achieved by state-of-the-art PLC
systems are given. The study includes both simu-
lated and measured results. Moreover, expected values
obtained by using 3 × 3 MIMO systems are also pro-
vided.

Presented results can be of interest for MNO and PLC
system manufacturers and researchers. The former can ben-
efit from the detailed analysis of the actual performance
(and expected improvements) of PLC when used for outdoor
small cell backhauling. They can also use the methodology
employed in this work as part of their backhaul planning
toolkit to assess the feasibility of PLC in a given scenario.
For the PLC community, an interesting scenario with an
enormous potential growth is presented, which poses rather
different challenges to the conventional indoor scenario.

Preliminary results of this work were presented in [23].
This article extends the referred conference paper by adding
the following elements: 1) an improved contextualization of
the problem which details the requisites the backhaul has to
fulfill in the different small cell use cases; 2) both the analysis
of OPLN PLC channels and the throughput assessment are
extended to includeMIMO systems; 3) measured throughput,
delay and jitter values obtained in actual networks are given;
4) a review of techniques that are currently being investigated
and might enhance the performance of PLC systems for the
considered application is made and their potential improve-
ment is discussed.

The rest of this article is organized as follows. The requi-
sites of the backhaul for the different small cell uses cases are
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reviewed in Section II. A review of the state of the art in PLC
is given in Section III. Then, the elements and structure of
OPLN and the channel model proposed to estimate the per-
formance bymeans of simulations are presented in Section IV
and Section V, respectively. Estimated and measured per-
formance values are given in Section VI. It also discusses
expected performance improvements that can be obtained by
incorporating some innovative techniques recently proposed
in the literature. Finally, Section VII recapitulates the main
aspects of the work.

II. OUTDOOR SMALL CELL BACKHAUL REQUIREMENTS
The throughput required for the backhaul depends on a large
number of parameters given by the service offered by the
small cell, e.g., channel bandwidth, densest constellation,
MIMO order, use (or not) of carrier aggregation, cell load and
RAN architecture, among others. Two types of RAN schemes
can be considered: a centralized one, in which multiple
radio units are connected to a central node, where baseband
processing is performed; or a distributed RAN architecture.
Although the centralized scheme allows an improved inter-
ference management, the required throughput is dispropor-
tionately high for most existing backhaul technologies and
a distributed RAN architecture is commonly deployed [24],
[25]. From now on, this is the assumed scheme.

A. THROUGHPUT AND DELAY
Small cells support both the S1 interface, which enables com-
munication with the packet core, and the X2 interface, which
allows direct connection with other small or macro cells [26].
Hence, the backhaul traffic of an LTE small cell consists
of both the S1 and X2 user and control plane information,
the transport protocol overhead, the IPsec overhead and other
minor components employed for operation and maintenance
(O&M) and synchronization [27]. The largest component of
the backhaul traffic corresponds to the user plane (the control
plane traffic may only reach about 25% of the former), which
is conveyed to the serving gateway (S-GW) using a protocol
stack with user datagram protocol (UDP) as transport proto-
col [28].

Two cell loads conditions are considered in order to esti-
mate the bit-rate that has to be backhauled: busy times and
quiet times. During the former, many users are distributed
across the cells, experiencing significantly different signal
quality. During quiet times, only one user with good link
quality is assumed to be accessing each cell. Since all cell
resources are allocated to a user with high signal to noise
ratio (SNR) and there is low interference from other cells,
the cell spectral efficiency and throughput are larger than
when resources are shared among users with diverse signal
quality [27]. Hence, the quite time load condition represents
the most demanding scenario for the backhaul.

The report in [27] estimated quite period bit-rates
of 188 Mbit/s and 63 Mbit/s in the downlink (DL) and
uplink (UL), respectively. The corresponding values for
the busy times are 34 Mbit/s and 24 Mbit/s, respectively.

TABLE 1. Categorization of Backhaul Technologies in 3GPP TR 36.932 [31].

However, it assumed an LTE Release 8 small cell using
a 20-MHz bandwidth with 2 × 2 MIMO and category 4
user equipments (UE) with maximum DL and UL bit-rates
of 150 Mbit/s and 50 Mbit/s, respectively. These values are
doubled for newer category 7 UE introduced in Release 10.
Hence, the resulting DL andUL bit-rates would be 375Mbit/s
and 126Mbit/s, respectively, for the quite times and 68Mbit/s
and 48Mbit/s for the busy times (assuming the same overhead
as in Release 8).

Release 10 and subsequent ones include additional features
to increase the bit-rate, like carrier aggregation and higher
order MIMO [3], [29]. However, the power and form factor
constraint of small cell BS will likely preclude the use of
very high capacity configurations in small cells. In fact, other
works assume lower bit-rates than the ones indicated above
for small cell backhauling analysis [25].Moreover, it has been
shown that under provisioning the backhaul capacity, within
certain range, yields a negligible impact on the user quality
of experience (QoE) [6].

Regarding delay requirements, the 3rd Generation Partner-
ship Project (3GPP) defines end-to-end packet delay budgets
for different service types of the user plane [30]: 50 ms for
gaming, 100 ms for voice, 150 ms for live streaming video
and up to 300 ms for buffered streaming video. These values
must be doubled when translated to round trip delays and
encompass the processing and transmission delays of all the
network elements (UE, BS, packet core processing delay,
etc.), which according to the estimation in [6] may be up to
40 ms (round trip). Hence, the maximum round trip delay for
the small cell backhaul is 60 ms for gaming services, 160 ms
for voice and may exceed this value for other services.

The aforementioned throughput and delay requisites may
not be achieved in certain scenarios. In fact, the 3GPP has cat-
egorized backhaul solutions, based on MNO input, as shown
in Table 1 [31].

B. SMALL CELL USE CASES
The requisites of the backhaul depend on the aim of the
small cell deployment, which can be roughly classified into
capacity and coverage driven scenarios. The former is typi-
cally aimed at increasing capacity in dense urban congested
spots and enhancing the QoE by improving the data rate
in high traffic demand areas. Hence, the peak bit-rate of
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TABLE 2. Small Cell Backhaul Requisites for the Capacity and Coverage
Use Cases for Release 8-Category 4 and Release 10-Category 7 UEs.

the small cell should not be limited by the backhaul capac-
ity [27]. The latter use case is targeted at providing network
coverage to isolated towns and villages with no macrocell
coverage, but also for enhancing urban spots coverage of
MNOs with no allocated spectrum below 1 GHz [6], [32].
It also includes situations where mobile services have to be
rapidly deployed in a given spot. In this use case, the backhaul
capacity can be relaxed and provisioning for the busy time is
acceptable [27], [33].

Table 2 summarizes the throughput and delay require-
ments set as reference in this work for each use case.
These values correspond to an individual cell but, inter-
estingly, when a set of C cells are connected to the
same backhaul, the required capacity can be estimated as
max (quite time bit-rate,C × busy time bit-rate), since busy
times tend to occur simultaneously, but it is unlikely that peak
bit-rates are demanded at the same time in all cells [6].

There is agreement that none of the existing backhaul tech-
nologies is valid for all scenarios. Moreover, the study in [32]
concludes that, from a business perspective, the optimum
solution is to change the mix of backhaul technologies used
throughout the lifecycle of the deployment, trending to more
expensive installations as the network matures and higher
capacity is demanded.

III. REVIEW OF PLC TECHNOLOGY
This section summarizes the main characteristics of state-
of-the-art PLC systems, describing their upper performance
bound and their most relevant parameters, which will be used
in Section VI to estimate the achievable throughput in OPLN.
The reader is referred to [34]–[36] for more detailed reviews.

Initial PLC systems, based on industry alliances specifica-
tions, used the frequency band up to 37.5 MHz and achieved
PHY bit-rates around 200 Mbit/s [37]. They were mainly
designed for in-home applications, although they are also
used in outdoor Smart Grid applications [36, Ch. 9].

The three state-of-the-art PLC systems currently found
in the market are designed according to the HomePlug
AV2 industry specification [38], the IEEE P1901 stan-
dard [39] and the ITU-T G.hn standard [40]–[43]. They
are non-interoperable but implement the inter-system proto-
col (ISP) for coexistence [44]. While HomePlug AV2 and
ITU-T G.hn are oriented to in-home applications (‘hn’ actu-
ally stands for home networking), IEEE P1901 also includes
features for access applications, being currently used in Smart
Grid [45].

HomePlug AV2 and ITU-T G.hn define windowed
orthogonal frequency division multiplexing (OFDM)-based

TABLE 3. Main PHY Features of State-of-the-Art PLC Systems.

systems, while IEEE P1901 defines two non-interoperable
PHY, one based on windowed OFDM and another on wavelet
OFDM. Table 3 summarizes their main PHY parameters.

As seen, the three windowed OFDM-based systems use
the same intercarrier spacing, 24.414 kHz and bit-loading
with up to 4096-quadrature amplitude modulation (QAM).
However, IEEE P1901 operates below 50 MHz, whereas
HomePlug AV2 and ITU-T G.hn can employ the frequency
band up to 100 MHz, although, in practice, only frequencies
below 86MHz are used in most countries to avoid interfering
with the frequency modulation (FM) broadcasting. Further-
more, the former does not have MIMO capabilities, while the
HomePlug AV2 and ITU-T G.hn do.

All these systems define a time division multiple access
(TDMA)-based MAC which can use both a connection ori-
ented, contention-free service, and a connectionless service
based on carrier sense multiple access/collision avoidance
(CSMA/CA).

The bit-rate achieved by PLC systems in actual channels
is strongly dependent on the power spectral density (PSD)
and the frequency band of the transmitted signal. These are
limited by electromagnetic compatibility (EMC) regulations,
which vary among regions1 [46]. In the United States (US),
PLC transmissions are regulated by the Federal Communi-
cations Commission (FCC) under the Electronic Code of
Federal Regulations, Title 47, Part 15. It specifies limits for

1For instance, Japan is one of the most restrictive countries, with PLC
transmissions allowed only in the frequency band below 30 MHz and for
in-home scenarios. Hence, results provided in this work are not currently
applicable to this country.
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radiated emissions [47], which are commonly interpreted to
allow transmissions in the 1.8–30 MHz range with a PSD of
−50 dBm/Hz and in the 30–86 MHz band with a PSD of
−80 dBm/Hz [34], although slightly more stringent limits are
interpreted in [48].

In the European Union (EU), in-home single-input PLC
transmissions are regulated by the EN50561-1 in the 1.6–
30 MHz range and by the EN50561-3 in the 30–80 MHz
band [49], [50]. Accordingly, the PSD employed by ITU-T
G.hn systems is defined in the ITU-T Rec. G.9964 [43]
and allows injecting −55 dBm/Hz in the range 2–30 MHz
and −85 dBm/Hz in the range 30–80 MHz, with gaps to
avoid interference to existing services, e.g., aeronautical,
radio amateurs, radio astronomy. While there is no spe-
cific regulation for access applications, PLC systems are
employed in outdoor applications relying on EU Directive
2014/30/EU [45], [51], [52].

As a result, current ITU-T G.hn and HomePlug
AV2 chipsets achieve maximum PHY bit-rates around
1.5 Gbit/s [38, pp. 61] [17] and UDP ones around 1 Git/s [53],
while IEEE P1901 achieve maximum PHY bit-rates around
500 Mbit/s. Despite these rates are computed in an ideal
scenario, the comparison with the throughput requirements
given in Table 2 suggests the interest in assessing PLC as a
backhaul technology, at least for certain small cell scenarios.

IV. OUTDOOR PUBLIC LIGHTING NETWORKS (OPLN)
This section firstly describes the elements and structure of
OPLN and then presents the particular networks used in this
work to assess the performance of PLC systems.

A. NETWORK STRUCTURE
OPLN consist of a control panel from which a series
of circuits are deployed. The input to the control panel
are the power lines coming from the MV/LV transformer.
Three-phase circuits consisting of three conductors, one for
each phase, and an additional one for the common neutral
are generally used. Phases are generally named L1, L2 and
L3, although R, S, and T are still used in many European
countries. Lamps are alternatively connected between phases
L1, L2, L3 and the neutral, in order to get a balanced network.
Monopolar and 4-pole cables, deployed inside a common
conduit, are employed. Fig. 1 depicts an example network.
While the same type of cabling is usually employed in all the
circuits of an OPLN, a different one is assumed in Fig. 1 for
generality.

The last two lamps of each circuit generally have a lower
number of conductors when monopolar cables are used.
As shown in circuit 1 in Fig. 1, typically only one phase
reaches the last lamp of the circuit and two phases the penul-
timate one. When 4-pole cables are used, the three phases
reach all lamps. However, only one is generally active (i.e.,
connected to the mains) at the last lamp and two at the
penultimate, as in circuit 2 in Fig. 1. This avoids having the
mains in conductors sections that do not use it.

FIGURE 1. Structure of an example OPLN with two circuits.

In a small cell deployment, the aforementioned situation
has to be taken into account if the BS is placed in the
last or penultimate lamp-post of a circuit, since the MIMO
capability of the PLC system is compromised. Nevertheless,
the problem can be solved straightforwardly if 4-pole cables
are used, just by joining the existing conductors. Additional
cables have to be deployed if monopolar cabling has been
employed. However, the cost of the latter is small because
conduits are already deployed.

Control panels are usually located in the sidewalk and
contain metering, control and protection devices. Activation
of lighting is done by either a central controller or an astro-
nomical clock that computes sunrise/sunset times on a daily
basis. Protection devices usually consists of a general power
control switch, magneto-thermal protection cutout and differ-
ential circuit breaker. These same devices are also installed
in each circuit. The high number of protection devices will
increase the attenuation of PLC signals between circuits.
According to [54], attenuation values well in excess of 40 dB
can be expected. This has two opposing effects: it reduces
the interference between PLC devices connected in different
circuits but makes almost unfeasible to communicate PLC
devices connected to different circuits.

In many countries, OPLN must reduce their luminous
intensity in the small hours of the night. This is done either
on a lamp by lamp basis, using remotely controlled electronic
ballasts, or in a centralized manner using a flux reducer
stabilizer (FRS). The latter reduces the luminous intensity
by lowering the mains voltage in the circuits, usually by
about 20%. Hence, it must be ensured that both the small cell
BS and the PLC devices are able to operate at this reduced
voltage. Moreover, measurements performed in this work
show that the FRS has a very low impedance: below 20 �
in almost all the frequency band. Since this impedance will
be in parallel with the communication device, it will absorb
much of the communication signal power. Therefore, when
an FRS is used, the control panel should be avoided as one of
the communication end points.

B. NETWORK TOPOLOGIES
OPLN are designed taking into account both luminous and
electrical criteria. The former depend on street width and
determine the deployment structure (one-sided, two-sided in
staggered rows or two-sided in facing rows/central deploy-
ment), the lamp separation, lamp power and lamp-posts
height. The electrical criteria determine the cable section,
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FIGURE 2. (a) Linear topology 1, consisting of 40 lamps spaced 30 m
(b) Linear topology 2, consisting of 99 lamps spaced 15 m.

the maximum number of lamps per circuit and the maximum
cable length. The latter is imposed to guarantee that the
voltage drop at the circuit end due to the resistive loss of the
conductor is kept below a certain range (typically 3%).

Circuits usually have a tree-like topology, with a more
linear or branched shape depending on street characteristics.
For the purpose of this work, the following three types of
network topologies are considered. They have been designed
according to the Spanish specifications [55]–[57].

1) EXTREME CASE TOPOLOGIES
Communication system performance decreases as the chan-
nel attenuation increases. In PLC channels, attenuation aug-
ments with:
• Link length, due to the skin effect of the conductors
and to the losses in the cable dielectric. Since both
effects increase with frequency, they cause the frequency
response to have a low-pass profile.

• Number of derivations (to lamps or to branches of
the circuit) from the main path from transmitter to
receiver, which cause multipath propagation because
of the impedance mismatch. As a result, the channel
frequency response exhibits notches.

Two extreme cases of network topologies have been
defined by analyzing common rules in the design of
OPLN: 1) linear topologies consisting of very long circuits
without branches, which model large avenues, seafronts,
etc. and 2) highly branched topology corresponding to a
Manhattan-like grid, which models a two-dimensional urban
scenario. Based on this observation, the following two sets of
topology instances have been defined:

1) Linear topologies. This set comprises two topologies
that model a 2-lane street, one with 40 lamps (150 W)
and lamp-posts 10 m high, and another with 99 lamps
(50 W) and lamp-posts 5 m high. Fig. 2 depicts their
layout, where S denotes cable section.

2) Manhattan-like topology. Fig. 3 shows its structure,
whose dimensions have been taken from the Ensanche
district in Barcelona (Spain).2 This network is unre-

2See corresponding map at https://cutt.ly/ogEZpcF

FIGURE 3. Branched network with a Manhattan-like topology.

alistically large because of its sensitivity to faults in
the main cable or the control panel. However, it can be
useful for assessing the performance of PLC system.

2) RANDOM TOPOLOGIES
To obtain a larger number of realistic irregular topologies
with a wide range of characteristics, a random topology gen-
erator has been developed. It takes into account both physical
and electrical parameters (street width, cable section) and the
design rules used in common practice (deployment structure,
lamp-post distance and lamps power).

As mentioned, OPLN have a tree-like structure with a
number of hierarchical layers. The tree is generated from
the root (control panel) to the leaf nodes (lamps). At each
node, a number of branches (0, 1, 2, . . . ,Nbmax) are gener-
ated with probability given by a Galton-Watson process [58].
Once the tree network structure is built, a random distance is
assigned to each branch. Distances range from 0 to the max-
imum distance of a straight segment (i.e., without branches)
still satisfying the voltage drop constraint. However, even if
all branches satisfy the voltage drop constraint individually,
it might happen that, due to the voltage drop in parent seg-
ments, the overall voltage drop constraint from the control
panel is not met. Thus, the algorithm computes the accumu-
lated voltage drop from root to children and then eliminates
segments that do not satisfy the constraint. Fig. 4 shows an
example topology generated according to this procedure.

Six random topologies have been taken from a large set of
generated networks by manually selecting those with rather
different topologies. Hereafter they will be referred to as
Random 1, Random 2, . . . , Random 6. The corresponding
number of lamps of each topology is 15, 19, 21, 22, 26
and 27.
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FIGURE 4. Layout of a random topology obtained with the developed
generator. All lamp-posts are 10 m high.

3) REAL TOPOLOGIES
Finally, two actual networks layouts provided by the City
Council of Málaga (Spain) have been employed. One corre-
sponds to the Aurora avenue (with a more linear structure)
and other to the SOHO district (with a more branched struc-
ture).3

V. CHANNEL CHARACTERIZATION
To assess the performance of PLC systems over OPLN chan-
nels, both the channel response and the noise have to be
characterized. The former has been estimated by using a
bottom-up modeling strategy based on MTL [59], as tradi-
tionally done in indoor PLC scenarios [60], [61]. A large set
of statistically representative channels has been obtained by
applying this technique to the selected topologies employing
typical cable parameters.

Noise has been characterized by performingmeasurements
in actual OPLN, since, to the best authors’ knowledge, neither
published models nor empirical results are available in the
literature for this scenario.

A. CHANNEL RESPONSE
The response of the channels in the network topologies
described in Section IV-B has been obtained by applying the
MTLmodeling approach detailed in [61]. The transmitter and
receiver are located at street light positions and the control
panel is never employed to this end because of the low
impedance of the FRSmentioned in Section IV-A. Three type
of channels have been obtained at each transmitter-receiver
location: a single-input single-output (SISO), a 2× 2 MIMO
and a 3 × 3 MIMO channel. While PLC systems defined in
ITU-TG.hn do only consider two transmitting ports, the num-
ber of conductors used in OPLN allows using one additional
transmitting port, which will likely improve the performance.
In the MIMO case, the transmitter and receiver circuits are
modeled as in [61]. The resulting number of useful channels
(of each type) is shown in Table 4.
Fig. 5 depicts some representative SISO channels from the

Linear 1, SOHO and Manhattan-like topologies with differ-
ent link lengths, `, in meters. As seen, all channels have a

3See corresponding maps at https://cutt.ly/AgEZbni and
https://cutt.ly/bgECGCl, respectively

TABLE 4. Number of Channels (of each type) Considered in Each
Topology.

remarkable low-pass behavior due to the high frequency loss
caused by the skin effect and the dielectric losses. Notches
due to the multipath effect are observable only in the low
frequency range (below 20 MHz), where the attenuation due
to the skin effect and the dielectric is not so important. This
contrasts to indoor PLC channels, where short distancesmake
multipath propagation the dominant effect in almost all the
frequency range. Since PLC transmissions can be considered
unfeasible when attenuation values are larger than 95 dB [53],
it can be observed that the maximum length of actual links
would be around 250 m.

Fig. 5 also shows interesting differences between topolo-
gies. Surprisingly, the linear and Manhattan-like channels
have similar characteristics for a given link length. The rea-
son is that distances between derivations to street lights in
the Manhattan-like topology (60 m) are so large that the
multipath effect is masked by the conductor and dielectric
losses. Hence, the SOHO topology actually reveals itself as
the worst-case because of its highly branched structure with
most street lights spaced around 12 m. For short link lengths
(` = 36), the number of derivations from the main path from
the transmitter to the receiver in the SOHO topology is still
small and has little effect, as shown in Fig. 5. However, as the
link length increases, so does the number of derivations and
their effect in the channel response, particularly in the band
below 20 MHz.

Given the low-pass behavior of OPLN channels, their
amplitude response can be roughly modeled by means of a
linear function whose slope and constant terms depend on the
link length, `,

|H (f )| (dB) ≈ 1(`)f +�(`), (1)

with f in MHz, ` in meters and where 1(`) = α · `+ β and
�(`) = a·`+b. The corresponding values of these parameters
for each scenario can be obtained by firstly accomplishing a
robust regression of each response vs frequency and then a
robust regression of the parameters of the former vs the link
length. Obtained results are shown in Table 5. As seen, α is
very similar in all topologies, but significant differences occur
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FIGURE 5. Amplitude of some representative SISO channels from the
Linear 1, SOHO and Manhattan-like topologies with different link lengths.

TABLE 5. Parameters of the Robust Fit of the Amplitude of the Channels
in the Considered Topologies.

in the a term (also in β, but its influence is much smaller),
being the SOHO topology the worst-case.

A statistical analysis of the delay spread and the average
attenuation of the SISO channels indicated in Table 4 has been
obtained. Fig. 6 depicts a scatter plot of the average atten-
uation vs the link length in different frequency bands. The
corresponding regression lines, given by Attenuation (dB) =
δ · `+λ with ` in meters, are also shown. The values of δ and
λ for the different frequency bands are given in Table 6.
Fig. 6 can be helpful to determine the actual frequency

band that could be used in a given link. Hence, it shows that
is very unlikely that the frequency band above 40 MHz can
be used in links larger than 150 m. It is also interesting to
note that the dispersion of attenuation values decreases as
the frequency increases (dots are more concentrated around
the regression line). This is due to the larger influence of the
conductor and dielectric losses in the attenuation as frequency
increases.

FIGURE 6. Scatter plot of the average attenuation of the SISO channels in
different frequency bands vs the link length.

TABLE 6. Parameters of the Robust Fit of the Average Attenuation of the
Channels in Different Frequency Bands.

Fig. 7 shows a scatter plot of the delay spread of the
SISO channels vs the link length. Two frequency bands
are considered, the one used by ITU-T G.hn and Home-
Plug AV2 devices (2–80 MHz) and by IEEE P1901 ones
(2–50 MHz). Dispersion increases with the link length
because the number of derivations from the main path from
the transmitter to the receiver may take much different values
in longer links than in shorter ones. Hence, in the latter
case, differences among channels responses (of the same
length) are smaller than in the former, as shown in Fig. 5.
Delay spread values increase with the link length because
the low-pass behavior of the channel response intensifies as
the link length augments, which progressively concentrates
the effective channel response to the low frequency region,
as observed in Fig. 5. Since attenuation values in the band
above 50 MHz are generally very large, the energy of the
channel impulse response is essentially concentrated in the
low frequency region, which makes delay spread values in
the 2–80 MHz band to be almost equal to the ones in the
2–50 MHz. Finally, it is interesting to highlight that values
shown in Fig. 7 are similar to the ones found in indoor
PLC channels [62], [63]. This ensures than the cyclic prefix
lengths of the state-of-the-art OFDM-based PLC systems
shown in Table 3 are appropriate for this scenario.
Once the main features of the SISO channels have been

presented, Fig. 8(a) depicts the responses of three representa-
tive 3× 3 MIMO channels and Fig. 8(b) their corresponding
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FIGURE 7. Scatter plot of the delay spread of the SISO channels vs the
link length.

condition number, defined as [35, pp. 141]

κ(f ) = 20 log10

(
max{σi(f )}
min{σi(f )}

)
, (2)

where σi(f ) denotes the i-th singular value of the 3×3MIMO
channel matrix

H(f ) =

H11(f ) H12(f ) H13(f )
H21(f ) H22(f ) H23(f )
H31(f ) H32(f ) H33(f )

 , (3)

withHij(f ) being the channel frequency response between the
i-th transmitting port and the j-th receiving port. As defined
in (2), small values of κ denote low spatial correlation and,
consequently, higher potential bit-rate gains compared to the
SISO system.

It must be highlighted that, while the location of the trans-
mitter and the receiver are the same as in the SISO case,
the SISO response does not match either H11(f ), H22(f ) nor
H33(f ) because the conditions at the transmitter and receiver
ports are different. In general, the less branched the path
from the transmitter to the receiver is, the more similar the
frequency responses of the MIMO channel are. This can be
observed by noticing that the responses of MIMO channel in
the linear topology are more alike than in the more branched
SOHO scenario. As link length increases, so does the number
of derivations, causing more notches in the low frequency
band. This enlarges the condition number and the number
of effective MIMO streams reduces. This is the case of the
SOHO ` = 186.7 curve shown in Fig. 8(b).
In order to assess the spatial correlation of the MIMO

channels, Fig. 9 depicts the cumulative distribution function
(CDF) of the gain of the three MIMO streams (i.e., the singu-
lar values of the MIMO matrices) computed over the whole
set of channels and frequencies. The CDF of the amplitude
response of the corresponding SISO channel is depicted as
a reference. As seen, the gain of the first MIMO stream is
generally about 10 dB larger than the one of the second stream

FIGURE 8. Amplitude response and condition number of some
representative 3 × 3 MIMO channels from the Linear 1 and SOHO
topologies with different link lengths.

and about 15 dB larger than the one of the third stream. As a
reference, values up to 10 dB are generally considered very
good (in terms of performance improvement with respect to
the SISO system) while values larger than 20 dB are almost
useless [64]. This allows foreseeing that MIMO techniques
may report considerably bit-rate gains.

It must be noted that the cable model considered in this
work assumes constant distance between conductors, as in the
4-pole cables conventionally used in OPLN in many coun-
tries. Interestingly, this results in lower spatial correlation
than when the distance between conductors varies, like in
monopolar cables, as shown in [65].

In contrast to the significant frequency selective behavior
of the amplitude response, the gains of the resulting MIMO
streams are quite frequency-independent, with slightly larger
condition numbers in the frequency band below 20 MHz.
However, a detailed analysis is omitted for the sake of
conciseness.
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FIGURE 9. CDF of the singular values of the MIMO matrix and of the
response of the SISO channel.

B. NOISE MEASUREMENTS
Results presented in this work have been extracted from
measurements in OPLN of the city of Málaga (Spain) using
the set-up described in [23]. Two networks with notably
different characteristics have been selected to this end. One
has a linear topology with 12 m lamp-post height, spaced
between 45 m and 65 m, and lamps of 400W. It is located in a
residential district by the seafront, where noise is expected to
be low. The measured circuit has 7 lamps. The other network
has a quite branched topology and is located in the SOHO
district, with a high density of office and residential buildings,
which would presumably yield higher noise levels.4 Distance
between lamps-post ranges between 10 and 30 meters with
4 m and 8 m lamp-posts height. Shorter ones are equipped
with 150 W lamps, while taller ones contain either a single
250W lamp or two lamps, onewith 250W (at 8m) and 150W
(at 4 m).

Fig. 10 depicts the noise PSDmeasured in four locations of
the SOHO district when the three phases are active. Notice-
ably, noise at the control panel is much higher than at the
base of any lamp-post. This is another reason (in addition
to the low impedance of the FRS) to avoid using the control
panel as a communication end point. Measurement (2) cor-
responds to a lamp-post with two lamps located at different
heights (250 W and 150 W), while (3) and (4) correspond
to lamp-post with a single 150 W lamp. It is observed that
noise is lower in the latter. As in the indoor PLC scenario,
noise is higher in the band below 30 MHz, except for the
disturbance caused by the commercial FM radio broadcasting
in the frequency band above 87 MHz. Similarly, there are
many narrowband interference terms with considerably high
level over the noise floor.

4See corresponding maps at https://goo.gl/8XzmZN -Carretera Nacional
340- and https://goo.gl/DeRqNA -Cordoba and Trinidad Grund streets-,
respectively.

FIGURE 10. Noise PSD estimated from measurements at four locations of
the SOHO. All phases active.

FIGURE 11. Noise PSD estimated from measurements at the seafront.
Only one active phase.

Representative noise PSD measured at the seafront net-
work with only one active phase are given in Fig. 11.
It exhibits the same characteristics observed in the SOHO
measurements. As expected, noise level are lower than in the
latter. Differences are particularly observable in the control
panel location.

To assess the influence of the number of active phases
(among the three existing ones), Fig. 12 shows the noise PSD
measured at some locations of the seafront network when all
phases are active and when only one is active. Surprisingly,
the noise level does not augments with the number of active
phases, neither at the control panel nor at the base lamp.
In fact, noise level is higher when only one phase is active.

It is interesting to note that the PSDs shown in Fig. 10 to
Fig. 12 exhibit quite a strongly ripple in the low frequency
region (in the control panel, this extends to almost the whole
band). This is due to the periodic behavior of some noise
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FIGURE 12. Noise PSD estimated from measurements at three locations
of the seafront with different number of active phases.

terms, which is clearly illustrated in Fig. 13. The latter depicts
the time-domainwaveforms of some noise registersmeasured
in the considered OPLN. As seen, they resemble the ones reg-
istered in indoor PLC scenarios [66]. The periodic envelope
of these noise waveforms is mainly due to the cyclostation-
ary behavior of many of the narrowband interference terms
and to the impulsive periodic asynchronous with the mains
components [66]. The latter, which can be clearly observed
in Fig. 13(d), manifest in the PSD as very narrow peaks
with frequency spacing equal to its repetition rate and are the
responsible for the referred ripples in the PSD in the band
below 30 MHz [66].

VI. PERFORMANCE ANALYSIS
This section firstly gives estimated throughput values
obtained from simulations over the set of channels described
in Section V. The study assumes a SISO and a 2 × 2
MIMO system with the parameters of the ITU-T G.hn given
in Table 3. A 3× 3 MIMO system with the same parameters
of the ITU-T G.hn, except for the additional transmitter and
receiver ports, is also considered. In MIMO cases, the trans-
mitter power is optimally distributed among the streams
[67, Sec. 10.3] and the noise is assumed to be uncorrelated
between ports with the PSDs described in section V-B. This is
actually a worst-case assumption, since measurements indi-
cate that noise is considerably correlated in the band below
20 MHz and this can be exploited to improve the bit-rate by
means of a whitening transformation [19].

Afterward, measured throughput, delay and jitter values
obtained with ITU-T G.hn devices in three actual OPLN are
given. Finally, potential performance enhancements given by
techniques that are currently being investigated are summa-
rized.

A. ESTIMATED PERFORMANCE
A statistical analysis of the throughput achieved over the
set of modeled channel responses and measured noise PSD

FIGURE 13. Noise waveforms exhibiting a cyclostationary behavior (a) in
a lamp-post at the seafront; (b) in a lamp-post at the SOHO; (c) in the
control panel at the seafront; (d) zoom of the waveform in (c).

has been obtained. The PSD mask of the transmitted signal
is fixed according to the ITU-T Rec. G.9964, including all
permanent frequency notches. The latter reduce the num-
ber of useful carriers to 3317 and yield a maximum PHY
SISO bit-rate of 740.4Mbit/s. This value assumes continuous
OFDM symbol transmission and takes into account neither
interframe gaps imposed by the MAC nor the overhead of
this layer and the upper ones. In order to assess the feasibility
of PLC as a backhaul technology, throughput values at UDP
level have to be obtained, as it is the transport protocol used
in the connection to the S-GW [28]. While the relation of the
latter to the PHY bit-rate depends on many factors, assuming
that only two devices are present and that the transmission
is unidirectional, the UDP throughput can be assumed to be
62.2% of the PHY bit-rate [53].

Fig. 13 depicts a scatter plot of the estimated SISO
UDP throughput vs the link length in two noise condi-
tions. The bounding curves (dashed lines) are given by
UDP throughput (Mbit/s) = ae−b`, with ` being the link
length in meters and with a and b as given in Table 7. The
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FIGURE 14. Scatter plot of the estimated SISO UDP throughput vs the link
length for two noise levels.

TABLE 7. Parameters of the Bounding Curves of the SISO UDP
Throughput Region.

throughput required by the backhaul cases given in Table 2 are
also shown, except for the capacity (Rel.10-Cat.7) one, which
is much higher than the achieved values. As seen, the disper-
sion of values increases as the throughput decreases. Hence,
while high throughput values are only attained in short links,
the range of link lengths with low throughput values is much
larger. It can also be observed that the backhaul required
by the capacity (Rel.8-Cat.4)-driven small cell deployments
can be provisioned only in very short links with low noise
conditions.

Since attenuation of OPLN PLC channels is very high in
the band above 40MHz, as shown in Fig. 6, and the PSDmask
above 30MHz is 30 dB lower than in the low frequency band,
it is interesting to assess the actual throughput improvement
provided by the frequency band above 50 MHz, which is the
upper frequency used by IEEE P1901. To this end, Fig. 15
depicts the ratio of the throughput of a SISO system in the
frequency band up to 86 MHz, denoted as SISO-100 MHz in
the G.hn terminology, compared to a SISO system using the
frequency band up to 50 MHz. As seen, only very short links
benefit from the use of the upper frequency band. Hence, from
this perspective, the ITU-T G.hn and the IEEE P1901-OFDM
will perform similarly. However, the latter does not include
MIMO techniques which, as will be shown below, may give
considerably performance improvements.

To estimate the probability of attaining a certain throughput
for a given link length, Fig. 16 shows the complementary
cumulative distribution function (CCDF) of the SISO UDP
throughput for various link length ranges under two noise
conditions. The throughput required for the reference use

FIGURE 15. Scatter plot of the throughput gain of the SISO-100MHz
system with respect to the SISO-50MHz one vs link length.

cases are also depicted, except for the capacity (Rel.10-Cat.7)
one. As observed, the throughput value required by the cov-
erage (Rel.8-Cat.4) use case can be provisioned in almost all
links in the range 50–100 mwhen the noise level is low and in
approximately 60% of the links when the noise level is high.
For links with length 100–150 m, the required throughput
can be provided to 50% of the links when noise level is low.
The coverage (Rel.10-Cat.7) use case can be served in all
links shorter than 50 m and in about 60% of the links with
length 50–100 m in low noise conditions. On the other hand,
the percentage of capacity (Rel.8-Cat.4) scenarios that can
be served is almost negligible. When the noise level is high,
the considered system is unable to provide the throughput
required by the coverage (Rel.10-Cat.7) use case to links
longer than 50 m and the one of the coverage (Rel.8-Cat.4)
case to links longer than 100 m.

Now the performance improvement given by MIMO tech-
niques is assessed. Fig. 17(a) shows the CCDF of the through-
put gain (defined as the ratio of the considered values) of the
3 × 3 MIMO system with respect to the SISO system and
to the 2 × 2 MIMO conventionally used in the ITU-T G.hn.
The gain of the latter with respect to the SISO is also shown.
As seen, the improvements with respect to the SISO system
are notable: median gain is around 2.6 for the 3 × 3 MIMO
(about 2 for the 2×2MIMO) and 90% of the links experience
gains larger than 2.3 (1.8 for the 2× 2 MIMO). Gains of the
3×3MIMOwith respect to the 2×2MIMO of current ITU-T
G.hn devices are more modest, but still notable, as the median
gain is around 1.25 and 10% of the links experience through-
put ratios larger than 1.4. The improvement is generally larger
in the low noise scenario, except for very attenuated channels.
In the latter, the throughput of the baseline systems is very low
(or almost zero) and, despite throughput values achieved by
the 3× 3 MIMO are also small, the relative gain is very high.
This effect is magnified by the quantization of the number of
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FIGURE 16. CCDF of the estimated SISO UDP throughput for different link
lengths.

TABLE 8. Parameters of the Bounding Curves of the UDP Throughput
Region of the 3 × 3 MIMO System.

bits per symbol due to the constellations defined in the ITU-T
Rec. G.hn.

To assess the distribution of the throughput gain with
respect to the link length, Fig. 17(b) depicts a scatter plot of
the throughput gain of the 3 × 3 MIMO with respect to the
2 × 2 MIMO system vs the link length. As seen, increasing
the link length reduces the gains and increases the dispersion.
The throughput gains lower than 1 observed in long links,
which are due to the quantization of the number of bits
per symbol, occur because the same MIMO order has been
employed in all carriers. This is a worst-case assumption,
as the optimum transmission strategy (3 × 3 MIMO, 2 × 2
MIMO or single-input multiple-output) could be selected on
a per-carrier basis.

Fig. 18(a) depicts a scatter plot of the estimated UDP
throughput of the 3 × 3 MIMO system vs the link length
in two noise conditions. The throughput required for the
reference use cases are also depicted. The bounding curves
(dashed lines) are given by UDP throughput (Mbit/s) =
ae−b`, with ` being the link length in meters and the values
of a and b as given in Table 8. The throughput required
by the backhaul cases given in Table 2 are also shown.
Fig. 18(b) shows the CCDF of the corresponding throughput
values for various links length ranges. As seen, while the
throughput considerably improves with respect to the SISO
case depicted in Fig. 14 (×2.3 in 90% of the links), it is still

FIGURE 17. (a) CCDF of the throughput gain of the MIMO 3 × 3 with
respect to the 2 × 2 MIMO and the SISO systems and of the 2 × 2 MIMO
with respect to the SISO; (b) Scatter plot of the throughput gain of the
3 × 3 MIMO with respect to the 2 × 2 MIMO vs the link length.

very unlikely that the throughput required by the capacity
(Rel.10-Cat.7) use case can be provided, even in short links.
However, the capacity (Rel.8-Cat.4) use case can be served
in 90% of the links of up to 50 m, even with high noise level.
The coverage (Rel.10-Cat.7) use case can be served in more
than 80% of the links in the range 50–100 m when noise
level is high and about 80% of the links with length in the
range 100–150 m when noise level is low. Finally, the least
demanding case, the coverage (Rel.8-Cat.4), can be served in
about 95% of the links with length 100–150 m and in 70%
of the links with length 150–200 m when the noise level
is low. It must be emphasized that the referred throughput
values are irrespective of the type of backhaul link, LOS or
NLOS, which is irrelevant in PLC. The latter is particularly
common in small cell deployments in the center of European
cities.
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FIGURE 18. (a) Scatter plot of the estimated UDP throughput of the 3 × 3
MIMO system vs link length; (b) CCDF of the estimated 3 × 3 MIMO UDP
throughput for different link lengths.

Comparing the obtained values with the ones provided
by alternative backhaul technologies described in [11], it is
noticeable that they are similar to the ones given by some
Sub-6 GHz wireless solutions in NLOS conditions and by
wired ones like G.fast (note that the values in [11, Table 2] are
theoretical ones). Compared to the latter, the PLC backhaul
will have a much lower operative cost.

B. MEASURED PERFORMANCE
Performance in live OPLN has been assessed by trials using
ITU-T G.hn devices featuring the Marvell 88LX3142 (dig-
ital baseband processor) and 88LX2718 (analog front end)
chipsets. These have three working modes: 50 MHz SISO,
100 MHz SISO and 50 MHz MIMO, attaining a maximum

PHY bit-rate of 800 Mbit/s. Employed devices are designed
for indoor PLC scenarios, where the root mean square voltage
between the phase and neutral is 240 V, while maximum
voltage between any two phases of the OPLN is about 400 V.
Hence, the conductor connected to the protective earth port
has been left open circuit at the control panel (no mains sig-
nal), to prevent damaging the devices, and only the 100 MHz
SISO mode has been used.

Three tests have been performed: the throughput and round
trip delay ones defined in the RFC 2544 [68], the jitter test
specified in the RFC 3393 [69] and a bidirectional transport
control protocol (TCP) throughput test. The latter is accom-
plished using the PassMark Performance Test v8.0 software
tool [70], while the JDSU Smart Class Ethernet Tester is used
for the former [71]. The RFC 2544 throughput test begins
by sending frames at the maximum theoretical rate of the
port. The frame rate is adjusted until no frame loss occurs.
It can be performed for different MAC frame sizes ranging
from 64 to 1518 bytes. However, since the duration of a test
in actual conditions is about 2 hours for a given frame size,
only the one corresponding to 64 bytes has been carried out.
This provides a lower bound of the performance, as it is the
most stressing test for the device, which has to transmit a
larger number of frames to convey the same data volume.
Additionally, the PHY bit-rates registered by a proprietary
software tool from the chipset manufacturer are given to
allow the comparison with the estimated results given in the
previous subsection.

Table 9 summarizes the results obtained in the two sce-
narios described in Section V-B. The RFC 2544 and RFC
3393 tests correspond to a single direction, which can be
referred to as DL. However, the TCP and PHY rates are also
given for the UL. Since the 64-byte length is actually a worst
case, an estimation of the layer 1 (L1) values, according to
the RFC 2544 denomination, that would be obtained using
1518-byte frames are also given in brackets. The extrapo-
lation has been computed taking the laboratory test given
in [53] as a reference.

As expected, the highest throughput values are attained
in the seafront scenario, which has a linear topology. In the
two links of this scenario, the L1 throughput for 1518-
byte frames is larger than the minimum one required for a
coverage-driven (Rel.8-Cat.4) small cell deployment. Even
for 64-byte frames, the attained throughput in the longest
link is about the needed one and larger enough in the 51 m
one. In the SOHO networks, the L1 throughput for 64-
byte frames is almost the one required by the coverage
(Rel.10-Cat.7) use case in link 6 and larger than the one of the
coverage (Rel.8-Cat.4) in link 7. For the 1518-byte frames,
the demanded throughput can be loosely provided in both
links. The comparison of the throughput attained in links 6,
7 and 8 illustrates the dispersion of performance values for
a given link length that has already been observed in Fig. 14
and Fig. 16.

Overall, the ITU-T G.hn devices are able to provide the
required throughput for the coverage-driven (Rel.8-Cat.4)
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TABLE 9. Measured Performance Values Using ITU-T G.hn Devices in 100 MHz SISO Mode.

small cell scenario in links of up to 100 m. In a highly
branched topology, provisioning is only feasible in much
shorter links. Provisioning for the coverage (Rel.10-Cat.7)
use case is possible only in some very short links. However,
it must be emphasized that these values have been mea-
sured using the 100 MHz SISO mode; better performance
is expected using the 2 × 2 MIMO mode with appropriate
protection at the coupling circuit (simulated median gain
shown in Fig. 17 is 2) and even larger by employing a 3 × 3
MIMO scheme. Moreover, additional gains can be envisaged
by including some of the potential improvements discussed
later in Section VI-C.

Measured delay values fulfill the requirements of the most
restrictive service shown in Table 2 (gaming) in all cases
except link 3, where it is slightly exceeded. Average jitter
values are negligible and maximum ones are about 10 ms,
which is lower than the 30 ms limit recommended for voice
over internet protocol (VoIP) services [72, Ch.2].

Table 9 reveals that DL TCP throughput values are gen-
erally similar or even larger than the L1 ones for 64-byte
frames, despite TCP is located three layers above the PHY
and is a connection-oriented protocol. The reason is that
the L1 throughput is determined for 0% frame loss and the
64-byte length is actually a worst case. Hence, the L1
throughput can be taken as a conservative estimate of the
UDP throughput in an actual scenario (the performance loss
due to the MAC, internet protocol (IP) and UDP headers
are negligible for the 1518-byte frames). To compare these
measured values with the ones estimated by means of sim-
ulations in Section VI-A, Fig. 19 depicts the L1 through-
put measured with the 100 MHz SISO using the 64-byte
frames and the estimated values for the 1518-byte frames.
The UDP throughput region obtained from simulations is
depicted as a reference. As seen, except for the values cor-
responding to link 8, measured and simulated results fit quite
well.

To further assess the validity of the estimations obtained
by means of simulation in Section VI-A, the UL and DL
PHY bit-rate values reported by the chipset manufacturer
(which are computed assuming similar simplifications) in the

FIGURE 19. Measured L1 throughput for 64-byte frames and estimated
for 1518-byte frames in the 100 MHz SISO mode and simulated UDP
throughput region vs distance.

100 MHz SISO mode are presented in Fig. 20. The region
corresponding to the simulated values is shaded in green.
As seen, most of the reported values fall within the region
predicted by simulation. This endorses the need for using
a statistical approach to estimate the performance of PLC
systems even when the bottom-up modeling is employed.
Traditionally, the ability to estimate the response of a par-
ticular channel in a deterministic way has been argued as
one of the positive features of this channel modeling strategy.
However, this requires precise knowledge of the underlying
topology and cable characteristics. While the former could
be obtained from the network schemes of the municipal-
ities, the experience gained during this work shows that
these schemes may contain errors, e.g., some derivations
or lamps are not reflected, or maybe outdated because of
constructions that forced to make temporary changes that
finally became permanent. Most important, schemes do not
usually show the phase to which lamps are connected,
which is of great importance for estimating the channel
response.
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FIGURE 20. Measured (UL and DL) and simulated PHY bit-rate vs distance.

C. POTENTIAL PERFORMANCE IMPROVEMENTS
This subsection briefly describes some promising techniques
that are currently being investigated and the expected perfor-
mance enhancement they can provide. It must be mentioned
that reported values corresponding to MIMO systems have
been obtained for the conventional 2 × 2 system currently
used in indoor scenarios. Additionally, other enhancements
not discussed here, such as flexible spectrum management,
multilevel coding and variable interframe gap, are considered
in the ITU-TG.hn2 standard that is currently being developed
and that is aimed at enhancing the maximum PHY bit-rate of
the ITU-T G.hn by approximately 2.7 times (from 1.5 Gbit/s
to 4 Gbit/s) [21].

1) IN-BAND FULL DUPLEX (IBFD)
IBFD can potentially double the PHY bit-rate by allow-
ing simultaneous transmission and reception in the same
frequency band and conductors [20]. IBFD does not only
improves the PHY bit-rate, but also the throughput at the
logical link control (LLC) sublayer. Accordingly, IBFD has
been proposed as a study-item for the upcoming ITU-T
G.hn2 [73], [74].

The PHY bit-rate gain given by IBFD depends on the
relative power of the uncancelled interference from the trans-
mitter with respect to the signal of interest and the noise
levels.Mercifully, IBFD provide larger gains in channels with
large attenuation and high noise level than in channels lowly
attenuated andwith low noise level. Published results indicate
that IBFD improves the PHY bit-rate by at least 1.6 times in
SISO receivers. In MIMO receivers the bit-rate is doubled
in 70% of the channels in high noise conditions and median
gains are larger than 1.8 when noise level is low [75]. These
figures correspond to in-home PLC channels but similar gains
can also be expected in outdoor channels, since they are
usually more attenuated and with similar or even higher noise
levels than indoor ones [23].

2) RELAYING CAPABILITIES
Multi-hop communications have been longly proposed as a
means to improve the performance of PLC in highly atten-
uated in-home and outdoor channels [76]–[78]. These pro-
posals have explored the performance gains obtained with
decode-and-forward (DF) and amplify-and-forward (AF)
schemes in systems using time division duplexing (TDD),
where the bit-rate is halved in each hop.

The use of IBFD may considerably increase the relaying
capacity of PLC systems, since relays can receive and trans-
mit simultaneously [20]. Interestingly, to achieve this end,
relays are the only network elements that must have the IBFD
functionality [79]. This feature is particularly interesting for
the application considered in this work, since it can enhance
the relaying capacity of PLC systems, extending the maxi-
mum length of the backhaul link.

Accordingly, the use of an AF relay with IBFD capability
has been recently proposed [80]. Obtained results indicate
that the proposed relay can double the bit-rate of the direct
communication when the SNR = 10 dB, and up to ten times
when SNR = −10 dB. To this end, frequency selective
amplification and impedance adaptation at the hybrid are
required. When simpler schemes are used, the maximum
gains are more modest, but improvements of about 2 times
larger than the direct link can be attained in long links [81].

The use of IBFD, both at the communications end and at
the relying devices, may considerably improve the perfor-
mance of PLC systems given in Fig. 18. Hence, an enhance-
ment of ×2 would allow providing the capacity required in
the capacity (Rel.10-Cat.7) use case in almost all links shorter
than 50 m, even with a high noise level; it would also allow
provisioning for the capacity (Rel.8-Cat.4) use case in links
of up to 100 m and the coverage (Rel.8-Cat.4) in almost all
links shorter than 200 m with low noise conditions.

3) NOISE REDUCTION/EXPLOITATION TECHNIQUES
Noise is likely the most serious impairment in PLC. It has
been mainly combated by incorporating stronger coding
schemes that do not exploit its particularities, namely, its
cyclostationary non-Gaussian nature and the correlation
between ports in MIMO systems. Noise cancellation strate-
gies that leverage gains from the sparse nature of major noise
components, e.g., of the impulsive terms in the time and of
the narrowband interference in the frequency domain could
report notable gains [82]. Similarly, the work in [18], which
provides upper and lower bounds for the capacity of SISO
and MIMO PLC channels for different noise models, has
shown that the Gaussian assumption classically made in PLC
is generally very pessimistic, specially at medium to high
SNR.

VII. CONCLUSION
This article has assessed the feasibility of using PLC over
OPLN as a backhaul technology for outdoor small cell
deployments. To this end, PLC channels established over
OPLN have been first characterized by combining noise
measurements in actual networks and channel responses
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obtained using an MTL model. Results show that the delay
spread of the channels is much lower than the cyclic pre-
fix of state-of-the-art OFDM-based PLC systems, which
makes them suitable for this scenario, and that the frequency
response in the band above 50 MHz is dominated by the
attenuation due to the skin effect in links larger than 50 m.

The performance of PLC systems is assessed by means
of simulations and complemented with measurements in
actual networks. The latter show that PLC can fulfill the
delay requirements, while simulated results show that a 3 ×
3 MIMO system can provide the throughput required by
coverage-driven small deployments with backhaul length of
up to 100–150 m, depending on the considered LTE release.
Compared to existing backhaul solutions, achieved perfor-
mance is similar to some existing Sub-6 GHz wireless solu-
tions in NLOS conditions and to wired ones like G.fast.

Moreover, the future ITU-T G.hn2 standard, currently
under development, is expected to further improve the per-
formance of current systems. Additional enhancements can
be obtained by including noise reduction/exploitation tech-
niques and IBFD functionality, both at the communications
ends and at intermediate relying devices.

These facts suggest that PLC might be a feasible solution
for backhauling certain outdoor small cells scenarios. Follow-
ing steps to validate this end should evaluate the availability
of PLC connections by exhaustively assessing the stability
of throughput, delay and jitter values. Noise level variation
is expected to be the main source of performance instabil-
ity. It must be emphasized that other backhaul technolo-
gies are also affected by specific sources of instability, e.g.,
microwave wireless systems are prone to link outage caused
by blockages and atmospheric absorption due to heavy rain.
Similarly, the most appropriate method to have the small cell
BS synchronized in frequency with the mobile network is yet
to be investigated.
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