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Abstract—Power line communication (PLC) technology is ex-
ploited worldwide for automatic meter reading on low-voltage net-
works. On the contrary, it is not used at medium voltage (MV) level,
where it requires dedicated and costly PLC couplers. To face this
issue, in previous works the authors investigated the possibility of
reducing costs by coupling the signal by means of elements already
installed in MV networks. A patented solution was based on the ex-
ploitation of capacitive dividers of voltage detective systems (VDSs)
normally installed in MV switchgears of distribution network’s
substations. This paper investigates the use of capacitive dividers
embedded in commercial separable connector of MV cables heads,
instead. In comparison with VDSs, cable heads voltage dividers
have different characteristics; thus an ad-hoc characterization and
design of PLC coupling system is presented and discussed. Firstly,
impedance measurements are performed to characterize cable
heads behavior in the frequency range of interest. An equivalent
circuit model is obtained and used to design an electronic interface
card for signal coupling. Simulations and experimental tests are
performed in FCC above CENELEC frequency band, to analyze
channel frequency response and transmission performances, in
terms of success rate and SNR. The results testify the proposed
coupling solution feasibility.

Index Terms—Power system communication, frequency respo-
nse, smart grids, power line communications, distributed measur-
ement systems.
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I. INTRODUCTION

CQUIRING measurements in different points of medium

voltage (MV) networks is a need for Distribution System
Operators (DSOs) all around the world. Apart from typical
measurements of active and reactive powers for billing purposes,
advanced smart grids monitoring and control functions require
the knowledge of many other electrical quantities (i.e., voltages,
currents, power quality quantities, and so on) in different points
of the network, such as secondary substations, MV users’ sub-
stations or distributed generators. To this aim, the number of
measurement instruments and transducers installed in the net-
work and their accuracy requirements are steadily increasing [1],
[2], [3], [4]. Furthermore, the growing diffusion of distributed
generation entails numerous problems concerning the possibility
of energy flows inversion, rapid voltage variations, short-circuit
currents increase, islanding occurrence and so on. Thus, new
monitoring and control equipment are needed to guarantee a
reliable management and protection of electrical networks [5].
All these applications require an information exchange between
DSOs and field measurement instruments and control devices.
Thus, acommunication infrastructure is an essential requirement
for developing smart grids.

Different wireless communication systems can be used for
data transmission between DSOs and prosumers such as GSM,
GPRS, WiMAX, LTE, etc. [6]. The fundamental disadvantages
of all these systems are their reliance on a communication
provider and their low reliability, particularly in bad weather
conditions. On the other hand, an ad-hoc wired infrastructure
(e.g., in fiber optic) would be too expensive for reaching every
user in the case of rural or out of town areas or in general in areas
with low population density. In this viewpoint, PLC technology
may be a viable solution because the communication lines are
already present (i.e., the power lines) and there are no service
costs [7]. Some applications, such as automatic meter reading
and advanced metering infrastructure, are already supported by
PLCs in low voltage (LV) networks [8], [9], [10], [11]. On the
other hand, PLCs use at medium voltage (MV) level is less
used, because it entails different issues, concerning both the grid
characteristics and the signal coupling. In fact, MV networks and
secondary substations can have different configurations [12],
[13], [14]. Thus, to couple a signal on MV lines, several aspects
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must be considered, such as physical coupling typology, volt-
age and impedance levels, frequency bandwidths, propagation
modes, numbers of connections, and so on.

PLC signal coupling can be capacitive, inductive, resistive
or it can be made by an antenna [15], [16], [17], [18], [19],
[20], [21], [22]. In very brief, a PLC coupler should offer a
low impedance path for high frequency PLC signal and a high
impedance at power systems frequencies to prevent that mains
voltage is applied to the transceiver.

The simplicity, affordability, and straightforward installation
and operation of antennas made them the initial choice for con-
necting PLC transceivers to power lines. However, the inefficient
loss of power caused this kind of coupling to be discontinued. On
the other hand, recent research interest in hybrid wireless-PLC
communication systems could give a new boost to their applica-
tion [23]. Capacitive coupling involves the connection of one or
more capacitors to the MV power line. Capacitive couplers are a
good choice when the active conductor of a power line is easily
accessible, as in the case of overhead power lines. On the other
hand, some solutions were presented also for capacitive coupling
in MV cable lines [24]. In both overhead and cable power lines
cases, the installation of a capacitive coupler requires the cost of
the coupler itself and the temporary disconnection of the mains
voltage for its installation; in the case of cable power lines, the
modification of the MV switchboard is needed too. On the other
hand, this typology of coupling is very reliable, and it has low
losses. In the case of MV cables, inductive couplers can be much
easier clamped on the power line [25]. The electromagnetic field
generated by the current flowing in the coil loads inductively the
signal into the MV conductor; this causes insertion losses and
phase and linearity problems, depending on the toroidal core
material. In the case of a resistive coupler, a voltage divider,
a bandpass filter, and an amplifier are used, instead [26]. For
isolation issues, this type of coupling is more suitable for LV
networks.

All the aforesaid coupling solutions have high costs for signal
couplers installation. In fact, MV couplers should be installed
both in primary substation (at MV busbars) and in all MV/LV
secondary substations. This involves not only the costs of the
equipment, but also those of MV switchboards modifications
and the energy interruptions for their installation. To face these
issues, the authors have patented a new coupling system, which
allows injecting and receiving the PLC signal by means of the
capacitive divider embedded in the voltage detective system
(VDS), according to IEC 61243-1 [16], installed in the MV
switchgears of distribution network’s substations [27]. This
reduces the installation cost and avoids electrical service inter-
ruptions. A suitable electronic interface card was designed and
developed to transmit and to receive narrowband n-PSK PLC
signals in CENELEC band [28], [29]. In [31] the innovative
coupling system was updated to work also with Orthogonal
Frequency-Division Multiplexing (OFDM) modulated signals
in G3-FCC band, from 154.6875 to 487.5 kHz.

Starting from this first proposal, in this paper an alternative
low cost MV coupling solution is presented, which can allow
exploiting a different electrical element installed in secondary
substations, when VDS is not available. In particular, the work is
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focused on the characterization and design of a MV PLC coupler
based on the use of capacitive divider embedded in commercial
cable separable connector (SC) of MV cables heads, which are
employed in distribution network substations to connect the
MV cable head to the MV switchboard. This element embeds a
capacitive divider to detect the mains voltage presence in the MV
network. In comparison with the VDS, the SC voltage divider has
different standard features [30]; thus, to enable the PLC signal
transmission and reception, an ad-hoc design for the coupling
circuit is herein presented and discussed.

The paper is organized as follows. Firstly, the SC charac-
terization in the frequency range of interest is described in
Section II. Secondly, the design and the development of the
SC-based coupler prototype is reported in Section III. Finally,
laboratory experimental results are presented to verify the new
prototype performances.

II. CHARACTERIZATION OF CAPACITIVE DIVIDER EMBEDDED
IN COMMERCIAL CABLE SEPARABLE CONNECTOR (SC) OF MV
CABLES HEADS

As mentioned in the introduction, the idea of the work is to
use the intrinsic capacitance embedded in the SC of MV cable
head as coupler for PLC signals.

In general, the SC capacitive divider is made of a series of two
capacitances, i.e., the first one is connected to the MV cable and
the second one has two available terminals for voltage detection.
The second of these terminals can be connected to earth. In this
case, the cable SC behavior would be the same of VDS, thus
the coupling interface card presented in [28] could be still used
for PLC signal injection. However, as shown in the following,
preliminary test results showed that the use of this method does
not give good transmission results when the cable SC is directly
connected to earth.

Thus, a different solution is presented in this paper, which is
based on the SC connection to earth by means of an inductance.
An ad-hoc interface card was developed for such a solution.
As shown in the following, this second design significantly
increased the transmission performances. To properly design
the coupling circuit for enabling the PLC signal transmission
and reception, the knowledge of the SC characteristics in the
frequency range of interest are needed. Thus, an experimental
characterization has been carried out, by measuring the input and
output impedances seen from each available couple of terminals.

The SC used for the characterization is a commercial fully
shielded molded body in vulcanized Ethylene-Propylene Diene
Monomer (EPDM) insulating rubber. It is suitable for the con-
nection of MV cables to equipment such as power transformers
or actuating switches, which embed pass-through sockets for
voltage-free separation. The whole connection system is shown
in Fig. 1, in fact it is the combination of a SC on the cable and a
bushing socket at the transformer side. The SCis inserted into the
internal cone by means of a pass-through insulator. It is locked to
it by means of special screws on the respective flanges. The line
must be de-energized when inserting or removing the connector.
In the SC termination, the absence of MV voltage can be checked
by using the capacitive detector integrated in the connector



1442

Cable shield ~— b .

ground terminal —
k = , \ Metal body

\\A ground terminal
,

Metallic body, with elastic
insulator pressure device

Locking device

Capacitive socket
connection terminals

Elasticinsulator, with elements
= for electric field checking and

Fixing flange to through | voltage measurement

insulators with plug
socket and captive screws

Q +— Cable lug

C

«—— Bushing
socket

Fig. 1. Scheme of commercial SC used for PLC tests.

and / or in the bushing. The SC terminals are highlighted in
Fig. 1(a) and (b) are the capacitive socket terminals used to
detect the voltage presence; C is the core of the medium voltage
cable; D are the ground terminals for cable shield and metallic
body.

The study presented in this paper was aimed at verifying the
possibility of transmitting PLC signals through these terminals.
To do this, firstly the SC was characterized by measuring the
frequency response in the PLC frequency range of interest.
In particular, the FCC above CENELEC frequency band was
considered, according to IEEE STD 1901.2-2013, i.e., from
154.6875 kHz to 487.500 kHz. The SC was characterized in
the whole aforesaid frequency range. In fact, according to IEEE
Std 1901.2-2013, the OFDM signal can have a frequency band
corresponding to the whole frequency range, in the case of 72
sub-carriers, or to a frequency band of 160 kHz or 80 kHz,
when the OFDM signal is composed of 36 sub-carriers or 18
sub-carriers, respectively.

The characterization was carried out by using a Keysight ENA
ES080A vector network analyzer (VNA) [32]. This instrument
was used to measure the impedance seen from the different
available terminals, thus obtaining an equivalent circuit of the
plug-in connector. The VNA has been set in the range 50 -
500 kHz with a step of 1 kHz and a RBW equal to 1 kHz. A full
one-port manual calibration was performed before each series of
measurements, by using a Keysight 85032F calibration kit [33].
The connectors of the calibration kit have the following char-
acteristics that is phase uncertainty of open-circuit connector
impedance smaller than 1.0°; phase uncertainty of short-circuit
connector impedance smaller than 1.0°; return loss of match-
circuit connector higher than 48 dB. All these parameters are
defined in the frequency range 0-4 GHz. After system errors
correction, the reflection measurements accuracies were 0.1 dB
and 1°.

Three impedance measurements were carried out, between
different SC terminals, as named in Fig. 1:

® Impedance between core and shield (C-D impedance);

® Impedance between capacitive socket terminals (A-B

impedance);
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Fig. 2. Measured amplitude and phase of impedance between C—D terminals.
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Fig. 3. Measured amplitude and phase of impedance between A-B terminals.

® Impedance between core and capacitive socket terminal
(A—C impedance).

To measure the C—D impedance between shield and core, A
and B connectors were left open; D terminals were connected
to earth. The graphs of measured module and phase of C-D
impedance are shown in Fig. 2. The measured phase and ampli-
tude variations with frequency show a capacitive behavior in the
frequency range of interest (154.6875 - 487.500 kHz).

To measure the impedance between the capacitive socket
terminals, A and B connectors were connected to the VNA
measurement channel, while C and D terminations were left
open. Terminal B was connected to the measurement instrument
ground. Fig. 3 show the measured amplitude and phase of
A-B impedance, respectively. Also in this case, the measured
impedance has a capacitive behavior, since the phase value is
constant and equal to —90° in the whole considered frequency
range.

As regards the A—C impedance measurement, it should be
noted that the plug-in connector has a ring of insulating material
concentric with the MV cable core. It separates the cable con-
ductor from an external metal ring. This last is used to derive
a voltage proportional to the mains voltage, thus identifying
the network presence. According to Fig. 1, to measure the
impedance between this metal ring and the cable core connec-
tors, B and D terminals have been left open and the impedance
was measured between A and C terminals. Amplitude and phase
of the measured A—C impedance are shown in Fig. 4. Also in
this case a capacitive behavior was found.
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Fig. 4. Measured amplitude and phase of impedance between A—C terminals.
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Fig. 5. Equipment under test and equivalent wiring diagram of separable
connector (on the left: SC equivalent circuit; in the center: SC scheme; on the
right: photo of the SC under test).

III. SC-BASED COUPLING SYSTEM DESIGN AND
DEVELOPMENT.

A. Experimental and Modeling Approach for SC-based
Coupling Design and Development

The characterization study results showed that all the
impedance measured between the different SC terminals have a
predominantly capacitive behavior. Thus, the equivalent circuit
diagram of the SC system can be drawn as shown in Fig. 5.

The SC-based coupling solution makes use of SC A and B
terminals to inject the PLC signal. According to the equivalent
circuit of Fig. 5, the impedance seen between these two terminals
behaves as a series of capacitances. Since B terminal is originally
floating, it can be connected to earth or not. As mentioned in
Section II, when B is connected to earth, a VDS-like system is
obtained; however, in comparison with the VDS-based solutions
the value of impedance to ground at PLC signal frequency is
too low, thus the signal transmission does not provide effective
results. In the proposed solution, an inductance (named Lpp)
is connected between B terminal and earth, instead. This in-
ductance has the function of increasing the total impedance to
earth at PLC signal frequency, while it shows a low impedance
at mains frequency. In fact, | Z;,| = 2x fL, thus the impedance
offered at mains frequency (50 Hz) is very low, while a high
impedance is obtained at PLC signal frequency (higher than
150 kHz). The values of capacitances Caxc and Cap cannot

o
RX section
L ~
L A ERARRA L Transceiver
<~
I—’W‘"— TX section J
B Lox
<~
Leo
Fig. 6. System block diagram.

be predicted accurately; therefore it is not possible to establish
a priori the amplitude of the signal transmitted on one side
and received on the other one. As shown in [28], even in the
case of VDS it is impossible to know in advance the parasitic
capacitance; in fact, the circuit can be represented by the series
of the MV divider capacitance and the LV circuit equivalent
capacitance, which includes also parasitic capacitances that are
not knowable in advance.

The circuit shown in Fig. 5 refers only to the SC. The
impedance shown by the cable (when the connection is made
for signal transmission or reception) should be added to this
schematic. However, the prototype of the proposed coupling
system is based on researching the resonance condition between
the variable inductance and the overall capacitance of the entire
transmission/reception channel. Thus, it is unnecessary to model
the cable capacitance at this stage. In fact, as shown in the
following, once the prototype is connected to terminals A-B,
it is possible to achieve the resonance condition by properly
tuning the inductances both in RX and TX mode.

The SC is based on a principle similar to that of the VDS,
except that in the VDS one capacitance terminal is ground-
connected, while in the SC such terminal is floating (B terminal).

For both TX and RX sections, the main electrical requirement
is to show the PLC signal a high impedance to ground and a
low impedance to the transceiver. To this aim, two circuits were
designed, one for transmission and one for reception. They were
both included in an interface electronic board, which is meant
to be connected between the transceiver and the SC terminals.

The system block diagram is shown in Fig. 6. Two switches
are used to select the circuit for TX or RX mode. The first switch
is connected to A terminal, and the second switch is connected
to the transceiver. The switches commutate the state of both the
prototype and the transceiver, to receive or transmit information.
The impedance level to be shown between A and D changes
depending on the transceiver state (RX or TX). In TX, the circuit
shows low impedance to create a series resonance, while in RX
a high impedance is shown due to the creation of a parallel
resonant circuit. In the following, the two block schemes are
analyzed in detail.

B. Transmission Circuit Scheme

The transmission (TX) circuit scheme is shown in Fig. 7. The
PLC signal injected by the transceiver is amplified by a TX
section and injected into the SC A terminal. To maximize the
voltage signal amplitude between A and B, two inductances are
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connected to the TX section output. The first inductance, Lpp, is
connected between terminal B and ground. It is used to increase
the impedance to earth at signal frequency. A second tunable
Lrx inductance was designed to create a resonant circuit at PLC
signal frequency with the equivalent capacitance seen between A
terminal and earth. Thanks to the tuning of such series resonant
circuit, a high voltage is obtained at A terminal.

Thanks to the combined use of Lpp and Lrx, the largest
part of the PLC signal is injected into the MV line, while a
reduced part is short-circuited to earth. More in detail, the in-
ductance value is tuned to obtain a resonance in correspondence
to the center frequency of the considered tone mask band. Thus,
the signal tone mask can be easily changed by tuning the induc-
tance to a different value.

Besides the resonant circuit, an amplification circuit is also
included into TX section. It consists of an amplifier and a tran-
sistors push-pull circuit, which allows increasing the injected
current required by the resonant circuit. Specifically, a BJT
push-pull driven by an op-amp with a gain of 3 was used for
the tests presented in the following.

To verify the correct behavior of the designed transmission
circuit, simulations were performed at different frequencies. The
electric equivalent scheme for TX circuit simulation is shown in
Fig. 8. The simulation was focused on the coupling circuit; thus
the amplification circuit and the transceiver are schematized with
a voltage generator V1. Cap, Cac and Ccp values are those
measured using the procedures described in Section II. Lpp
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value was set to 100 mH; Lrx value was tuned to maximize
voltage amplitude as close as possible to the center frequency
of one of the sub-bands. In detail, a 33mH inductance was set to
obtain the resonance condition. V1 generates a 1 V sinusoidal
sweep with variable frequency from 50 kHz to 500 kHz. As an
example, Fig. 9 shows the frequency response results (obtained
between A-D terminals) in the case of tone mask between
154.6875 and 234.375 kHz with center frequency f = 194 kHz.
Resonance frequency is at about 198 kHz having a gain of about
50.5dB.

C. Reception Circuit Scheme

The block scheme of reception (RX) circuit is shown in
Fig. 10. This circuit is designed for amplifying and filtering the
modulated signal coming from MV, so to increase its voltage
level and the corresponding SNR; the RX output signal will be
demodulated by the transceiver.

Lpp and Cap have fixed values. They create a series resonant
circuit outside the frequency range of interest. On the other hand,
a parallel resonant group is obtained by means of Cog+Lgpp and
the tunable inductance Lrgaprx. In detail, Lrgaprx value is
tuned to obtain a parallel resonant circuit at tone mask center fre-
quency. The parallel resonant circuit has a very high impedance
at signal frequency, thus resulting in high voltage and SNR at
signal frequency which make easier the signal demodulation. By
varying Lrraprx, the resonant frequency can be moved to be
as close as possible to the desired tone mask center frequency.
Also in this case, the resonance condition was obtained with a
33 mH inductance.

The RX coupling circuit was tested using the electrical sim-
ulation scheme shown in Fig. 11. The frequency response was
obtained with a sweep signal injected between C terminal and
earth. As an example, Fig. 12 shows the frequency response
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Fig. 11. Wiring diagram used for simulation of reception section (obtained
between A-D terminals).
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Fig. 12.  Frequency response of reception section.
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Fig. 13.  Schematic of a multiple feedback second-order active filter.

results (obtained between A-D terminals) in the case of tone
mask between 154.6875 and 234.375 kHz with center frequency
f = 194 kHz. Thanks to resonance, signal is increased of about
72 dB, with respect to other frequencies. However, to further
minimize the noise, a filtering circuit was designed and added
between SC-A terminal and the transceiver, as shown in Fig. 10.

The filtering stage consists of a buffer for impedance decou-
pling, a multiple feedback active filtering section, an adder and
two series VCVS (Voltage Controlled Voltage Source) active
filters (Fig. 13). The complete RX section with a block diagram
of the filtering circuit is shown in Fig. 14.

As mentioned before, the signal at A terminal can be low and
very noisy, so it is important to properly filter and amplify it. The
performances of the parallel multiple feedback active filters were
investigated in [29]. It was shown that they can eliminate external
band noise and increase the signal amplitude to have a good
equalization. In detail, three parallel multiple feedback active
filters with different gains and center frequencies were used;
they allow covering all 18 or 36 sub-carriers of each tone mask,
so to guarantee a high success rate. The three filters have tunable
parameters which allow changing the tone mask. This filtering
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section was suitable in the case of signal coupling through VDS.
On the other hand, in the case of the SC analyzed in this paper,
the obtained SNR was worse than in the case of VDS, thus a
further filtering solution was designed and added. In detail, a
Sallen-Key active second order VCVS filter was designed and
included in the RX section. It allows both amplifying and further
filtering the signal from external frequencies.

The VCVS response is shown in Fig. 15. Two series band
pass filters were realized with very close central frequencies.
The filters have sufficient side bands attenuation to remove
high frequency noises. Moreover, a higher gain was obtained at
lower frequencies. Ultra-low noise operational amplifiers were
used in the circuit simulation and then included the electronic
board prototype. Micro-Cap 12 was used to perform the circuit
simulation. Fig. 15 shows filters frequency response obtained
in simulation between 10 kHz and 1 MHz. Signal is amplified
between 150 kHz and 400 kHz with a slope of 40dB / decade.
The whole reception section was also simulated in Micro-Cap
environment. As an example, the simulation for the first tone
mask between 154 and 234 kHz with center frequency at 194 kHz
is shown in Fig. 16, i.e., the multiple feedback pass-band filter
parameters were tuned to obtain a flat frequency response at
transceiver input.

D. SC-based Coupling System Wiring in Real environment.

The complete wiring diagram, including the power electrical
system, is shown in Fig. 17. The SC terminal C is connected to
the MV cable, while through connectors A and B is connected
the prototype for signal injection to the MV line. The interface
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cards embed the developed coupling circuits (both RX and TX
sections) described in the previous sections. The transceivers
connected to the interface cards provide for modulation (in
transmission phase) and demodulation (in reception phase) of
the signal to be injected on the MV.

The scheme is conceptually similar to that employed in
[29] for on-field demonstration of the VDS solution. Generally
speaking, the effects of power line cable impedance result in
both attenuation and phase shifting of the signal along the path.
Both are highly dependent on the length and characteristics of
the power line connecting the two points from which com-
munication is made. As regards this, practical on-field tests
on the VDS system were presented in [29]. These tests were
carried out between two secondary substations connected by a
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Fig.19.  Frequency response (blue plot) and noise (orange plot) measurements.

Tests with 18 sub-carriers (first sub-band, centered in 194 kHz). (a) SC-based
coupling without Lbd and filter; (b) SC-based coupling with Lbd and filter.
(c) VDS-based coupling.

1.1 km cable and in the presence of mains voltage. In comparison
with laboratory tests, measurements results showed heightened
signal attenuation and noise levels. Despite these challenges, the
system demonstrated remarkable adaptability to the impedances
of secondary substations. The resonant system proved effective
in capturing and amplifying the modulated signal, showing the
system’s overall versatility.
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IV. LABORATORY TESTS

Laboratory tests were carried out to verify the SC-based
coupler performances. The test bench is shown in Fig. 18.

Laboratory measurements with SCs were not made in the
presence of power, i.e., the C connector of the SC in Fig. 1
was left open. RX and TX circuits described in Section III were
included in an interface card prototype. A switch controlled by
a transceiver output is used to select the TX or RX circuit.
The interface card was connected to SC A-B terminals; B
terminal was connected to earth by means of the inductance Lpp .
Through these terminals it is possible to inject the signal on the
MYV cable. Two commercial SCs (Elcon Megarad ELCOSPINA
TCI 20C4) were connected at the end of a MV cable (about 10 m
long).

Through the resonant system, the modulated signal can be
effectively captured and amplified, showcasing the system’s high
versatility. System performances were evaluated by measuring
the following parameters:

® Received voltage level,

e Success rate,

e SNR.

In detail, received voltage level was measured using a Rohde
& Schwarz RTO 1044 oscilloscope and a high voltage probe
Tektronix P5200A, which was connected at transceiver input
terminals. Success rate was evaluated as the ratio between the
correctly received packets over all transmitted packets. SNR was
directly measured by the transceiver.

Two  commercial transceivers  (STMicroelectronics
EVALKITST8500-1) were used to transmit and receive
PLC modulated signals. They can transmit and receive OFDM
signals, compliant with ITU-T G.9903 (G3-PLC) standard, in
the FCC above CENELEC frequency range (154.6875 kHz -
487.500 kHz). Moreover, the tone mask can be varied through
a Graphical User Interface (GUI), by choosing among 4
sub-bands of 80 kHz with 18 sub-carriers or 2 sub-bands
of 160 kHz with 36 sub-carriers. The 80 kHz sub-bands are
centered at the following frequencies, i.e., 194 kHz, 279 kHz,
363 kHz and 447 kHz while the 160 kHz sub-bands are centered
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Fig.21.  Frequency response (blue plot) and noise (orange plot) measurements.

Tests with 36 sub-carriers (second sub-band, centered in 405 kHz). (a) SC-based
coupling without Lbd and filter; (b) SC-based coupling with Lbd and filter.
(c) VDS-based coupling.

at the frequencies of 237 kHz and 405 kHz. EVALKITST8500-1
GUI were used to set transmission parameters and to measure
success rate.

The tests were divided into two parts. Firstly, the system
was tuned by sending a frequency sweep on the transmission
side and by adjusting the parameters both in reception and
transmission, so to obtain a flat band in the desired frequency
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TABLE I
LABORATORY TESTS USING OFDM MODULATION WITH 18 SUB-CARRIERS — SC-BASED COUPLING
Tone Masks SUCCESS RATE (% — Percentage ratio between correct and transmitted pkts)
[kHz] Coherent Differential SNR[dB]
ROBO | BPSK | QPSK | 8PSK | ROBO | BPSK | QPSK | 8PSK
154.6875 +234.375 100 100 100 100 100 100 100 100 20.5
239.0625 +318.75 100 100 100 99 100 100 100 100 30.2
323.4375 +403.125 100 100 99 100 100 100 100 99 27.6
407.8125 + 487.500 100 100 100 99 100 100 100 99 30.5
TABLE II
LABORATORY TESTS USING OFDM MODULATION WITH 36 SUB-CARRIERS— SC-BASED COUPLING
SUCCESS RATE (% — Percentage ratio between correct and transmitted pkts)
TOIEi]_]}/E]iSkS Coherent Differential SNR[dB]
ROBO BPSK QPSK 8PSK ROBO BPSK QPSK 8PSK
154.6875 +318.75 100 100 92 0 100 100 89 0 15.5
323.4375 +487.500 100 98 100 100 100 99 100 99 27.6
[323.4375 kiiz] [287.500 kiiz ] the same test bench used for the SC results by replacing the SC
. with the VDS.
110+ i i As can be seen, a flat frequency response was obtained with
1004 W\w i a maximum variation of about 10 dBpV. SNR get worse when
s ool V\WWNMAWWMW*WM I Lbd is not connected, due to low signal level. On the contrary,
o when Lbd and filter are used, the SNR becomes better than that
E 80+ : \ obtained with the previous VDS-based solution. Similar results
2 0l were obtained also for the higher sub-bands.
g After the parameters tuning, transmission tests were per-
< 60t formed. The spectrum of the received OFDM signal is shown in
50+ Fig. 20, for the case with SC-based coupling with Lbd and filter.
: ; ; H H : : ; It shows an average voltage of about 100 dBpV and a frequency
340 360 380 400 420 440 460 480 500  ripple less than 10 dBuV.
Frequency (kHz) The results were comparable to those obtained with the
Fig. 22.  Transmission tests. 36 sub-carriers OFDM 8-PSK modulated signal VDS-based coupling solution. All transmission test results are

(first sub-band, centered in 405 kHz). Received OFDM modulated signals for
the first sub-band. SC-based coupling, with Lbd and filter.

ranges. The frequency response was obtained by generating a
sweep signal of 1 Vpp with a waveform generator; both TX and
RX inductors and the filter resistances were tuned to obtain a flat
band in the frequency range of interest. Secondly, transmission
tests were performed by injecting an OFDM signal. The two
EVALKITST8500-1 were used to modulate and to demodulate
the OFDM signal.

A. OFDM Results With 18 Sub-Carriers

The first tests were carried out for the case of 4 sub-bands of
80 kHz. The frequency sweep tests were performed, centered at
each sub-band central frequency, with a span of 100 kHz and a
sweep time of 150 ms. These tests were used to set the adjustable
parameters (inductances and filter resistors), so to have a flat
frequency response. Noise measurements were also carried out,
in the same test conditions. As an example, the results for the
sub-band 154.6875 + 234.375 kHz are reported in Fig. 19(a),
(b), and (c), for the case with SC-based coupling without Lbd
and filter, SC-based coupling with Lbd and filter and VDS-based
coupling, respectively. The VDS results have been obtained on

summarized in Table I (18 sub-carriers and SC-based coupling
with Lbd and filter). They were obtained using OFDM signals
with all modulations available in EVALKITST8500-1. In all
cases, the success rate was higher than 99%.

B. OFDM Results With 36 Sub-Carriers

Further tests were performed to verify the possibility to extend
the frequency band up to 160 kHz. As for the previous case,
frequency sweep tests were performed to tune the adjustable
parameters and to obtain a flat frequency response around
the sub-band center frequencies, i.e., 237 kHz and 405 kHz.
Noise measurements were also carried out. As an example, in
Fig.21(a), (b), and (c) the results are shown for 405 kHz centered
frequency, for the case with SC-based coupling without Lbd and
filter, SC-based coupling with Lbd and filter and VDS-based
coupling, respectively. As for the 80 kHz band results, a flat
frequency response was obtained. The best results of frequency
response were obtained in the case of SC-based coupling with
Lbd and filter.

The communication tests results for the second sub-carrier
band (323.4375+487.500 kHz, SC-based coupling with Lbd
and filter) are shown in Fig. 22. Also in this case, they were



ARTALE et al.: CHARACTERIZATION AND DESIGN OF A PLC COUPLING SYSTEM

comparable to those previously obtained with the VDS-based
coupling solution.

A summary of results with different OFDM modula-
tions are reported in Table II for both sub-carrier bands
(154.6875+318.75 kHz and 323.4375+487.500 kHz). Both co-
herent and differential BPSK and QPSK modulations between
154.6875+318.75 kHz had a high success rate with an SNR level
of 15.5 dB. In the range 323.4375+487.500 kHz, on the other
hand, all modulations had a high success rate large SNR of about
25 dB. On the other hand, with the 8-PSK modulation no packets
were correctly received because of its low noise margin. This in-
crease the probability of an overlap of two subsequent symbols,
leading to a corruption of the corrupting the information which
cannot be demodulated anymore.

V. CONCLUSION

In this paper, a PLC coupling system was designed and
characterized, based on the use of capacitive dividers embedded
in commercial cable separable connector (SC) of MV cables
heads. The aim of this coupler is to transmit PLC signal in
accordance with IEEE STD 1901.2-2013 and to evaluate the
success rate with different modulations and center frequencies;
in detail the attention was focused on OFDM modulation in the
FCC above CENELEC frequency band, i.e., between 154.6875
and 487.500 kHz. Moreover, two cases were analyzed, i.e.,
OFDM signals with 18 or 36 sub-carriers.

To design the coupler, the SCs were characterized by us-
ing impedance measurement at all terminals. The measured
impedances had a capacitive behavior. Thus, a circuital model
was obtained. It was helpful to design an ad-hoc electronic
board with adjustable parameters. The board was appropriately
to maximize performance in MV. The designed interface board
was built and tested in the laboratory. A special test bench was
set up to evaluate the performance of the system. First, frequency
response tests were performed. They were used to set adjustable
parameters to have a flat frequency response. It was shown that
it is possible to obtain a very flat frequency response in the case
of signals with a bandwidth of 80 kHz. In detail, it was shown
that it is possible to establish effective communication with the
SC with high values of success rate while maintaining a high
SNR; it was also possible to communicate with 18 subcarriers
even 8-PSK type modulations in all ranges. Measurements with
36 subcarriers showed that it was possible to communicate with
high success rates up to QPSK, while only at higher frequencies
could 8-PSK modulated signals be received correctly. Next,
communication tests were performed, and the following param-
eters were measured to verify transmission performance.

Next steps will involve on field test measurements, to verify
the feasibility of PLC communication by means of SC solution
in real distribution network. Due to the similarities between the
VDS and the SC behavior, good results are expected also in on
field measurements with SC.

The proposed SC based solution, together with the previ-
ous developed by the authors for VDS installed in the MV
switchgears of distribution network’s substations, confirm the
feasibility of coupling PLC signal by means of elements already
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installed in MV networks thus reducing cost of installations of
dedicated PLC couplers.
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