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Coupling for Power Line

Communication: A Survey

Luis Guilherme da S. Costa, Antonio Carlos M. de Queiroz, Baie Adebisi, Vinicius L. R. da Costa, and
Moises V. Ribeiro

Abstract—The advent of power line communication (PLC)
for smart grids, vehicular communications, internet of things
and data network access, has recently gained ample interest
industry and Academy. Due to the characteristics of electd
power grids and regulatory constraints, the effectivenessof
coupling between the power line and PLC transceivers becoma
very important issue. Couplers devices used to inject or exract
data communication signals into or from (Alternating Current or
Direct Current) power lines are very important components d a
PLC system. There is, however, an obvious gap in the literate
for a detailed review of existing PLC couplers. In this paper we
present a comprehensive review of couplers, which are requdd
in narrowband and broadband PLC transceivers. Prevailing
issues that protracts the design of couplers and consequént
subtended the inventions of different types of couplers are
clearly described. We provide, also, a useful classificatio of
PLC couplers based on the type of physical couplings, voltag
levels, frequency bandwidth, propagation modes, and a numndy
of connections. This survey will guide researchers, and degers
alike, into a quicker resourcing when studying coupling in
narrowband and broadband PLC systems.

Index Terms—Power line communication, coupling, impedance
matching, electric power system.

I. INTRODUCTION

The use of power cables for data communication purpoé%@
known as Power Line Communication (PLC) dated back ok
the early 1910s when Major George Squier of US Arm
demonstrated the transmission of analog voice signals-(m

tiple telephony channels) over a pair of power cables

support the operation of distribution power system by eilect

utilities. At that time, this type of analog data transnossi

Essentially, couplers are devices that inject data sigimats
electric power cables. These power cables could be altegnat
current (AC) or direct current (DC) power lines and the slgna
of PLC transceivers are subsequently coupled to the power
line via a coupling circuit. In the case of power lines used to
transmit AC power, the coupling circuit also has to filter out
the AC mains signal. On the other hand, the coupling circuit
simply has to block the DC mains voltage of the DC electric
power grids.

During the late 1970s and early 1980s, new investigations
to characterize electric power grids as a medium for data
communication showed a higher potential in the range of
frequencies between 5 kHz and 500 kHz [2]. Some years later,
it was demonstrated that, given some constraints (trasgmnis
power and distance), the frequency range from 9 kHz to
30 MHz could be used [3]. Currently, there research and
development efforts are focusing on the use of electric powe
grids in the frequency band between 0 and 500 MHz.

Moreover, PLC systems can be distinguished based on two
classes of frequencies: narrowband and broadband. Usually
narrowband PLC refers to data communication over the fre-
guency band between 0 and 500 kHz [4]. On the other hand,
adband PLC covers the frequency band between 1.7 MHz
d 500 MHz and high-speed data rate [5]-[7].

It is important to mention that the main focus on PLC tech-
ﬁ logies is to provide data communication over AC and DC
Efectric power grids. The use of PLC technologies over the DC

us in distributed energy generation, airplanes, autolesbi
and trains reduce wiring complexity, weight, space require

was called wired wireless [1]. The period from 1910 to 19361ent and ultimately installation cost of telecommunicasio

was characterized by the introduction of some technologi
which involve the transmission of telephone signals thtou

power cables.

PLC has since moved from the little-known technology i . .
A rough dashboard and instrumentation panels. It desease

VoOst and complexity of cable connectors and raises the cost-

the 30s to a competitive technology of the 21st century.

a consequence, coupling issues have become more rele
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or extra wires dedicated for data communication reduces th
otal vehicle weight increases the efficiency, lowers thaber
f electric wires and reduces problems when passing wires

férastructure. Thus, the PLC technologies eliminate thedh

benefit relation to any new device requiring extra wiring. [8]
Therefore, the investigation of low-cost couplings is ahost
importance for such kind of vehicles.

The electric power systems have the advantage of being a
ubiquitous infrastructure [9]. Also, no changes in theaiisd
power cables infrastructure are necessary to implement the
PLC system. As a result, the payback can be quicker with
reduced capital expenditures. PLC networks can be used as a
backbone of data communication networks and considered as
a technology for replacing, completing, serving or int@rco
necting with other data networks. The cost of PLC systems is
moderate for long-term purposes, especially when compared
to the conventional data network systems. For example, the
replacements of these power cables are not comparabletin cos
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with the replacements of the conventional data commurinatiSection Il briefly and concisely addresses the main issues fo

system devices such as cables, switches, and outlets [10].designing PLC couplers; Section Il discusses a classificat
Reviewing the literature about PLC technologies, measui&- PLC couplers based on a comprehensive review of this

ment [11], [12], characterization [13], and modeling, aslawe subject; Section IV highlights open problems and futuradee

the development of techniques, to improve the performahcefor advancing the design of PLC coupling devices; and, finall

the PLC systems at the physical and link layers [14]-[17]aAsconcluding remarks are stated in Section V.

result, there are a number of technical contributions pliog

understanding into how PLC system works and pointing out ||. DEsIGN OF APLC COUPLER IMPORTANT ISSUES

challenging issues related .to the advancement of the I:)I‘Cl'he coupling of PLC transceivers with electric power grids
technology. Although there is a plethora of literature o8 t considered to be a difficult task to be accomplished mainly

gen_lerz: PfLC syst?msi{ suhch vqumeF;chr:Jresetntly n(|3_|t S'm'liréécause the access impedance (impedance at the point of
availablé for coupling techniques in systems. Henae, onnection) changes with frequency and time due to the

relevance of this survey. namism of loads connected to electric power grids. Alse, t

n Fhe Iiteratu_re, antennq coupling was the .first_ type ®ow impedance of power cables, which is desired for reducing
coupling used with the electric power grid due to its simipfic chnical losses associated with the energy delivery gield

. . . . t
.COSt’ gnd easy installation. Hov_vever, impedance mismat oblem because the usual coupling devices are designed to
ing with the power cables, which reduces the transfer

. e access impedance equal to{b0r 75 (.
energy between the power cable and the antenna, motivate he design of a PLC coupler considering impedance match-
investigations which resulted in the introduction of capee

| 11 18l It is i . h ing, flat frequency response to minimize distortions, edffiti
couplers [1], [18]. It is interesting to note that one CePlUlgjectrical protection against transients, and low costhmeen

!a:er,d rese?hrchers alrledrelzl’rl\/gstlgatllng the tuse OIgant??aﬁhe major challenges in recent years. To carry out such desig
Introduce the so-calle wireless system [19], [20]. everal issues must be addressed in order to come up with a

the sequgl,_ mduguve c.ouplmg was introduced. Due tp tIELC coupler which may be useful for the target application.
characteristics of inductive couplings, such as electgmaéic In this context, it is necessary to understand all main ssue
isolation between the power cable and the PLC transceivSE

thev h b full lied in Medium Volt M\ at must be taken into account to correctly design a PCB,
ey have been successfully applied in Medium Voltage ( ch as to measurg scattering parameters for quantifying

hased I'P LCl_systgmfh beisusﬁ thdeythcqn be m_sta:_lled \\/’gth itrl?fertion and return losses, to provide galvanic isolation
pLo\\//verImegNe. nthe otherhand, elr_gs?ge:jn OV; d aQeal with impedance matching, to design the analog filtetts wi
(LV) electric power systems was not widely adopted due E’assive components, and to choose the appropriate electric

the high |gsertt|on.tlos|,s. For IEV Ie(;/elfs,, C?pf‘c'tl'\\ﬂle coupllegﬂ rotection scheme. These relevant issues are briefly deskri
common due to its low cost and simplicity. More recently, . following subsections.

resistive PLC couplers have gained some interest due to thei
low cost and simple circuitry features [21]. ] o ]
Above all, coupling is a very important issue in PLC systeft- Printed circuit board design
since the dynamism of electric power systems at High VoltageThe electrical characteristics of the PCB used to physicall
(HV), MV and LV levels and, as a consequence, the lack ofiount and connect the components of the coupling device
perfect impedance matching at the point of connection wilignificantly impact on the coupling performance [23]. In
the PLC transceiver in time and frequency domains may res[#4], the author showed that the transmission line progerti
in remarkable insertion loss and signal distortion [22]. of signal traces in the PCB is considerably changed when
In this context, this work aims to present a comprehensiveultiple circuits or components are connected to a givenadig
review on coupling for PLC systems. With this in mind, firstlytrace. Characteristics such as impedance mismatchingkémd s
we discuss important issues related to the design of Ple@fect usually result in an increase of the conductor impeda
couplers, such as printed circuit board (PCB) design, fitger as the frequency rises.
loss and return loss, galvanic isolation, impedance magchi Moreover, as frequency increases parasitic elements may
analog filtering, protection and performance due to the tyffpe impact the design of the PCB of PLC couplers, and their
components, costs and complexities. Secondly, we presemhadeling for circuit simulation and design become relevant
classification of couplings which considers the type of jitals [25]. In a high-frequency circuit, it is simple to visualize
coupling (capacitive, inductive, resistive, and antenriag how a long thin track of a printed circuit will behave as an
voltage levels (HV, MV, and LV), the type of voltages ACinductor, and a large pad over a ground plan will behave as
or DC, the frequency band (narrowband and broadband), thecapacitor, and performance degradation may occur due to
type of signal propagation (common mode (CM) or differdntiahe crosstalk among tracks [26]. In [27], the authors diseds
mode (DM)) and the number of connections. Additionally, wéhe impedance mismatching in the connections among tracks,
highlight future tendencies and critical issues which mhest capacitors, pathways, stubs, and welds.
pursued to introduce PLC couplers which will comply with the In [28], high-frequency transmission line effects weredstu
constraints imposed by the electric power systems andlfulféd and a fundamental concept called electrically longetrac
the needs and demands associated with the novel generatwas defined. If a distance from transmitter to receiver edsee
of PLC system. M20, where) is the wavelength in meters, or terminate the
The remaining parts of this work are organized as followsransmission line in its characteristic impedance when the



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. X, ND. X, 2017. 3

one-way propagation delay of the PCB track is equal to dhe theory behind this is that the larger the amount of metal,

greater than one-half the applied signal rise/fall timentithe the lower resistance is obtained. An analytical method for

PCB should be treated as a transmission line and a routitltaracterizing the impedance behavior of the ground plemes

topology should be created to match the trace impedartbe frequency domain is presented in [31]. The importance of

of a PCB. To match impedance line in a PCB, severalaintaining a low impedance large area ground plane isatriti

techniques are available for designing a transmission lit@all analog circuits today. The ground plane not only asts a

structure. There are two techniques that are most frequerdl low impedance return path for decoupling high-frequency

used to control trace impedance, stripline, and microstrip currents but also it minimizes electromagnetic interfegen

stripline, the transmission lines exist on internal rogtiayers (EMI) emissions [32].

and require a minimum of 3 board layers (2 ground planesTo make full use of PLC couplers for data communication

and a routing layer). The insulating material of the suldstrapurposes or in order to analyze the impedance matching it is

forms a dielectric. The width of the strip, the thickness dmportant to know how signals propagate on a PCB to obtain

the substrate and the relative permittivity of the substraliow insertion loss in a microstrip transmission line.

determine the characteristic impedance of the strip wrsch i

transmission line. The use of microstrips is a popular m&thaB. |nsertion loss and return loss

used to prpvide tra_ce controlled impedaqce_when microwaveAssuming that the two ports use the same reference

frequency_ IS taken_ Into Qccount._Mlcrostrlp lines are e)emlosimpedance then the insertion losk ) is the magnitude of

to both air and dielectric material referenced to the planﬁ{e S,y scattering parameter, in dB:

structure. Fig. 1 shows a microstrip transmission linecstne, ' ’

where T is the thickness of the track}) is the width of I, (dB) = —20logy |S21], (3)

the track, andh is the distance between signal track and the .
WhereSs; represents the gain of voltage transferred from Port

reference plane.

L . . 1 to Port 2 [33], which is often used to shown the frequency
The stripline technique has the advantage of greaterisnlat . - N .
. : . o response of passive circuit which is supposed to be linedr an
of transmission lines and bandwidth, lower radiation los

Better isolation and good electromagnetic shielding can §éne—|nvar|ant [34]. Insertion Loss is defined as the drop in

achieved but the stripline technique has the disadvanterpggt{ver as a signal enters in the two port ne_tworks. This value
only includes the reflected incoming signal but also the

of compl_ex gnd eXpensive In f"?‘bT'Ca“”g It tl_mlng or trouattenuatlon of the component and is the ratio between output
bleshooting is complex and stripline trace width is smaller .

. L . . power and input power [35].
compared to a microstrip line of same impedance and heig

Microstrip has the advantage of dielectric losses are lekstf The return lossR.) is the magnitude of thé, scattering
o . . : parameter, which represents the reflection coefficientalmsze
using identical materials), cheaper and easier to manufact:

! it, describes what fraction of an incident wave traveling is
and the location of traces on the top and bottom layers lead .

) ) reflected back to the input port. In other words, thg
to easier debugging [29].

A . o . scattering parameter is a measure of how close the source
Characteristic impedand&, of microstrip is also a function gp

of the ratio of the height to the widti#//h (and the ratio of and input impedances are matched. Theis given by
width to heighth /W) of the transmission line. The character- R (dB) = —20log |S11] - 4)

Istic impedanceZ, of a microstrip is calculated by [30] In order to measureS;, and Sy; scattering parameters, the

Zo = il m(—2%" Vo o 15 < W < 25mis  impedances of a vector network analyzer (VNA) are matched

( Vert 1'41> <0‘8W +T) @ to 50 Q, the passive PLC coupler is considered as a two-port
or network and, as a consequence, we characterize it through
2o — ( 79 )m( 5.98h )Q for 5 < W < 15 mils, its scattering matrix, as _shown in Fig. 2 [36_]. In Fig. 2, the

Ver F1.41 0.8W + T Znetwork Tepresents the impedance of electric power network

at the connection point;;,, andT',,; represent the reflection
coefficients of PLC coupler and,,ciwork, respectively. Fi-
nally, Z, represents the impedance of port 2 - 2’ of the PLC
coupler. With knowledge of the scattering parameters, we ca
completely characterize PLC coupler and precisely quantit
the distortion introduced by the PLC coupler in the trantedit
signal.

@

conductor

dickecric W h‘

C. Galvanic isolation

Galvanic isolation is usually necessary when two or more

Fig. 1: A PCB microstrip transmission line. electric circuits are connected, but their grounds may be at
different potentials. Also, it is an effective approach oédk-

wheree, denotes the dielectric constant of the PCB materiahg ground loops by preventing undesirable current flowing

To implement a ground plane, one side of a double-sideeétween two distinct circuits sharing a ground conductor.

PCB is made of continuous copper plate and used as groukidreover, it protects transceiver circuits and people from

ground plane
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D. Impedance matching

The impedance matching between the PLC coupler and
§§§ I 7 power cable at the connection point is a challenging tasleto b
neworkaccomplished due to the time-frequency varying nature f th
loads connected to the electric power grids [46]—[48]. Due t
the wide range of values that the impedance at the connector
Analyser in point (access impedance) can assume when the frequency
and times vary [49]-[51], it definitely must be brought to
the center of discussion when designing a PLC coupler. In
fact, the lack of impedance matching may considerably reduc
shocks and short-circuits. Regarding the PLC coupler, mradhe transmission power [52]-[58] even though impedance
frequency (RF) transformer is normally responsible for th@atching is ensured within the PCB of the PLC coupler.
galvanic isolation [37] between the transceiver and thegrow Impedance matching techniques for narrowband PLC cou-
line. Also, as discussed in [38]-[40], it can be applied tplers were proposed in [58], [59]. The impedance matching
impedance matching purposes through the transformatiian rdechnique based on the change of the tap of an RF transformer
1:N between the primary and secondary windings of thaas outlined in [60]. In [61] the authors described a techeiq
transformer, whereV denotes the turns ratio of secondary tdor measuring the impedance at the connection point of an
the primary windings. electric power grid to feed a microcontroller, which is chiga
In [41], it was shown that an RF transformer has son@ switching a bank of capacitor [62] aiming to eliminate the
non-ideal and characteristic properties which must be ofgactive component of the access impedance. The complexity
served, such as the maximum magnetic flux density in tieé this technique increases if the number of capacitors én th
core to avoid non-linear effects, frequency band specificeank increases. Moreover, the resolution of the variattep s
tion, impedance levels/winding ratio, maximum voltageelsy depends on the number of branches of the bank of capacitors.
maximum power and currents, skin effect, number of strandg)en, [58], [63], [64] proposed a new circuit, which is calgab
number of turns, leakage inductance, enlarging of leakagkadapting the impedance changing the series inductartte an
inductance, magnetizing inductance, and distortion ohadig the turns ratio of the RF transformer. Transformerless togp
in secondary winding. circuits and impedance adaptation for narrowband PLC, with
In [37], a model of an RF transformer was proposed aréd view of simplifying the design and minimizing costs of a
analyzed by Kazimierczuk. Fig. 3 depicts such model. RLC transceiver, were discussed in [65], [66].
consists of ideal transformer, magnetizing inductadgg, Impedance matching techniques for broadband PLC were
core-loss shunt resistande:, leakage inductances;» and discussed in [67], [68]. These works addressed an optimizat
L;s, winding resistance®p and Rg, and stray capacitancesmethod to calculate the values of the parameters'oforder
Cp and Cs. The stray capacitances models the effect ®fand pass filters for matching the access impedance. Mateove
turn-to-turn capacitance, layer-to-layer capacitandedimg- [58] focused on another design method that is capable of
to-winding capacitance, winding-to-core capacitancegdivig- offering an optimization procedure to synthesize broadban
to-shield capacitance, core-to-shield capacitance, hacca- impedance matching circuits for the equalization of the @ow
pacitance between the outer winding and surrounds cigcuitfransfer gain in a wide frequency band. The method is based
[42]-[45]. on a parametric representation of the driving impedanchef t
broadband impedance matching circuit, which is optimizgd b
Le R means of a meta particle swarm optimization method [69].

" + Impedance matching to improve the maximum power trans-
: q c fer of transmission/reception of signal into/from powaereli
I S
| 1

I—— I

Fig. 2: Measurement of scattering parameters.

cable becomes an important and challenging issue. Differen
O - design of impedance matching circuit has been studied in
) the literature. Frequency and time dependencies of access
Fig. 3: Model of RF Transformer. impedance, which renders adaptive matching circuits to be

. _ developed are the major challenge of PLC coupler.
In order to determine the bandwidth of an RF transformer

low frequency and high frequency are analyzed. For a low o

frequency of an RF transformer, the magnetizing impedange Analog filtering

is calculated byjwL,,\\Rc. The values ofL,; and R¢ In a typical PLC coupler design, analog filtering is per-
are determined by the core material and the cutoff frequenimymed by a cascade of a high-pass filter and a low-pass filter,
can be calculated by the core material with high relatiie this order, and their combination results in a passband
permeability. High-frequency cutoff is attributed to @tr filter. The design of an equivalent passband filter is not
winding capacitance({p, Cg) and series leakage inductanceecommended because the purposes of designing the high-pas
(Lip,L;s), core and conductor losseR£,Rs). To achieve a and low-pass filters are totally different. In fact, the fem
high value of frequency the stray capacitancg( Cs) and aims to block the high power mains signal [70], while thedatt
leakage inductancd{p,L;s) should be reduced. limits the upper edge of frequency bandwidth to comply with
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the analog to digital conversion [71]. Fig. 4 shows a typicdlypical SPD used in PLC couplers are metal oxide varistor
capacitive single input single output (SISO) PLC couple(MQOV), Zener diodes, high-speed switching diodes and gas
whereT; is an RF transformell'zock is a high-pass filter discharge tubes (GDT).
and Ly, Lo, Cy up to C5 constitute low-pass filter. In [82] was proposed a surge protection circuit for HV
The design of the high-pass filter is very simple becausebfsed PLC systems aiming to achieve protection against an
is realized with a capacitor with a reasonable working voltnduced surge in one conductor of the transmission line, to
age and a self-resonant frequency higher than the maximoffer protection against a common mode surge induced in
mains frequency. On the order hand, the low-pass filter i®th conductors of the transmission line, and yield pradect
more sophisticated and can be realized with a Butterwortgainst the potential rise of the earth conductor during an
Chebyshev, or an elliptic filter. Usually, the choice is inda occurrence of high surge current through the earth conducto
of an elliptic filter due to the sharpness of its frequency In [83] the authors analyzed the influence of capacitance of
response [72]—-[75]. However, a careful analysis of the loven MOV on the insertion loss of a PLC coupler. Although,
pass filter must be carried out when multi-carrier schemedbaghe capacitance characteristics of an MOV and diodes, such
on discrete Fourier transform (DFT) is used because it cam Zener and high-speed switching diodes [52], may cause
increase the effective delay spread of the channel betwedstortion in the frequency responsgi§{ or S,; scattering
the digital-analog converter (DAC) of the transmitter ahd t parameter) of PLC couplers, their usage is widely adopted
analog-digital converter (ADC) of the receiver. Moreovar, because the cost-benefit is the best available. In order to
practical approach for reducing the order of a low-passrfiltavoid the disturbing effect of MOVs, GDTs can replace them
is to concatenate of a low-order high-pass filter (less sec in PLC couplers designed to operate at frequencies above
together with a2"d or 3'¢ order notch filter with notch 35 MHz. Regarding, the frequency band between 1.7 and
frequency located in the stopband. Additionally, the agaldl00 MHz, Fig. 5 shows the effect of an MOV and Zener
filter can be used to mitigate interference from radio signadliode working together in concatenated way on the frequency
(AM, FM, and TV) [76], [77]. The order of the analog filterresponse magnitude of a PLC coupler in comparison with a
can be determined by the designer according to the desi@DT. It is important to mention that the majority of studiewla
selectivity but if the order of an analog filter increases th@mulations of SPD effect covers the frequency up to 30 MHz
insertion loss increases. Therefore, a rule of thumbs i®épk [2]. However, nothing has being discussed in the literature
the analog filter order bellow or equal to six. about its protection efficiency capabilities and its impant
the signal distortion at the frequencies higher than 30 MHz.
oo L L Furthermore, the use of transient voltage surge protection
— T (TVSP) [84] can also be investigated to replace Zener diodes
Electric power %g CIJ_ I—H—I 1 I—H—I CSJ_ Trenseaiver or high-speed switching diodes for frequencies above 35 MHz
line T % T e T in PLC coupler.

RF Transformer

Fig. 4: Circuit of a capacitive PLC coupler.

ok —— GDT-gas protector
6 (‘~ EIEIEIN - = MOV/(varistor)+Zener
m .
o N .
~ -20 ‘\ ’ M
. . - N FERS
F. Electric protection < f S
. . . !
All telecommunication technologies are bound to compl © _y| k¥
with electromagnetic compatibility (EMC) standards, wos 50 ‘ !

150

requirements depend on the environment [78], [79]. The PL. Frequency (MHZ)
coupling circuit, which is physically connected to poweFig. 5: Distortion of frequency response magnitude of a
cables, is occasionally subjected to significant high gata capacitive and low voltage PLC coupler in the frequency band
and current transients and, as a consequence, damages td.fhe 100 MHz due the use of different types of protective
circuits of the PLC transceiver may happen [80], [81]. Fatircuit.
instance, in HV and MV, a strong current pulse of short rise
time is created when a distribution transformer fails duato Fig. 6 shows a typical protection for inductive and capueiti
short circuit or when power cables fall to the ground (higRLC coupler circuits. The capacitive coupler requires tee u
impedance faults) or touch each other. Similarly, a lighgni of MOV, fuse and Zener diodes to protect the transceiver
strike near the power cable yields a traveling wave that maircuit. The inductive coupler does the same by exploitimg t
destroy the PLC transceiver. limitations of the maximum magnetic flux density of the fegri
With this in mind, surge protective devices (SPD) attempbre to avoid spikes of current in the secondary windings and
to limit the voltage supplied to an electric device by eithdsy concatenating high-speed switching diodes at the secgnd
blocking or shorting to ground any unwanted voltages abowendings of the ferrite core to limit the voltage. The use of
a safe threshold. An SPD must simultaneously provide IoMOV [85] and diodes for protection purposes needs to be
insertion loss in all operating frequency and adequateesur@nalyzed based on the operating frequency of the PLC system
protection in all ports of the PLC coupler. The SPD must na@ind the voltage level of the mains signal in the electric powe
interfere with the frequency spectrum of the transmittgdial. system.
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Fuse Carock

) |
Vac MoV .
28,
@

tures reduction and the easy deployment of new telecommu-
5, ko, hication networks over such infrastructure [90]. Regagdity
0,40, and MV PLC couplers, some care must be taken into account
.o, 40, due to the complexity of the coupler construction, which may

T, increase costs due to the isolation need at these voltages
(0) levels. Moreover, PLC coupler designers must pay particula
Fig. 6: Typical protection circuit for PLC coupler. (a) Capa attention to the external environment which is subjected to
itive coupler and (b) Inductive Coupler. rain, snow, and lightning on the power cable [91]. Due to ¢hes

constraints and environment issues, the cost of the cagacit
coupler is very high and high at HV and MV, respectively.
G. Components Due to saturation of magnetic flux inside the core and the

Due to the cost and size, the components used in a PLC c6@st to handle it, inductive coupling is only used at MV and
pler circuit are passive (resistors, capacitors, transéos, and LV. Moreover, in LV, the PLC couplers are constructed at a
inductors). Therefore, particular attention on the sefenant relatively low cost. Usually, a PLC capacitive coupler rees
frequency of inductors and capacitors and on the frequerleéy? complexity and cost since the components are available
response of the transformer must be carefully consideré@mmercially. In [66], a PLC coupler without transformer
Additionally, the behavior of other components due to th¥as proposed for eliminating this costly component, while
chosen operating frequency of the PLC system needs to 'Baintaining impedance matching with the electric powedgri
carefully taken into account, especially in high frequesci Overall, complexity and cost of PLC coupler increase when
[86]. In high frequencies, the skin effect is the phenomendﬁ"tage levels and bandwidth increase. Also, they increase
in which the apparent resistance of a wire increases as W@en perfect impedance matching is mandatory.
frequency increases. If a voltage is maintained at a constan
DC level, current flow will be uniform throughout the area of
the wire. However, as the frequency increases, the magnetic
field near the center of the wire increases the local reaetanc In generaL PLC Coup'ers can be grouped according to

The charge carriers then move towards the edge of the Wiggferent criteria and this work outlines a classificatiomsbd
decreasing the effective area and increasing the apparghtthe type of physical couplings, voltage levels, freqyenc

resistance of the inductor winding [87], [88], capacitoB];8 pandwidths, propagation modes, and numbers of connections
and resistor.

In fact, at high frequencies, the physical length, width,
and height of components, the properties of the conductg(s Based on the type of physical connection
and dielectrics, plus the types of electrodes for attactingen ) ) )
external circuits all have to influence the performance of@ P~ Based on the type of physical connection, the coupling can
coupler circuit. Fig. 7 shows a high-frequency lumped dtrcuP® capacitive, inductive, resistive, and by the antennde No
models for a resistor, a capacitor and an inductor. Notettieat that antenna could be seen as a kind of inductive coupling,
additional capacitance due to the attached electrodesialys PUt We prefer to keep it separate because its mechanical
included in the nominal value of the capacitance. Despite tRonstruction is totally different.
parasitic resistances and reactances, the mounting ofetevi 1) Capacitive:Capacitive coupling is the serial insertion of
on a PCB can introduce significant additional capacitance @€ Or more capacitors in direct contact with the power cable
the body of the component [42]. This capacitance and tHeoffers low impedance path the high-frequency components
added inductance of the pads and traces, which are use®fdhe power line signal and, at the same time, it blocks the
attach a component and are typically considered part of tRiins signal by presenting a high impedance to it. Among
Circuit’ affect the frequency response and impedance mChthe four typeS of PLC CouplerS, it has the lowest insertion
of a PLC coupler. In the design of PLC coupler for broadbard@ss. thus ensuring the highest power transfer [92]. As show

data communication, it is important to take it into account. in Fig. 8, there are two types of capacitive coupler: (a)
with a transformer to provide galvanic isolatiof}§ and to

e R, R . limit transients based on the core saturation; and (b) witho
LA transformer, which is a low-cost option with the disadvageta
m JWMNV—D& mﬁ of not providing galvanic isolation. While the use of caaei
@ () © coupling with transformer is strongly recommended in AC
_ electric circuits, mainly when the voltage amplitude of the
(@) Resistor, (b}ains signal increases, the use of capacitive coupler may
also be useful for DC buses [93], [94] in which the voltage
level is low, such as in vehicle [95], ships, and spacecraft
) environments. In [96], the author proposed a capacitivplesu
H. Cost and complexity to operate in low-voltage DC electric power grids when the
The main advantages of the PLC technology are the useffquency bandwidth is between 1 MHz and 30 MHz and the
electric power system infrastructures for costs and expendoltage level of mains signal is up to 730Q,¢.

IIl. CLASSIFICATION OFPLC COUPLERS

Fig. 7: Equivalent circuit for RF model.
Capacitor and (c) Inductor.
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Cotonx L | Caoox Ls LG the inductance of a choke depends not only on the geometry of
— A - - -
Bectic Power ?wa : MCMM . é“ S the windings and the core but also on the permeability of the
o 1 P core material. The distributed capacitance between thdingn
@ (0) turns acts as a shunt capacitor on the inductor resultingein t

Fig. 8: Equivalent circuit for capacitive PLC coupler. (@& occurrence of resonance at a given frequency. Furthermore,
pling with galvanic isolation and (b) Transformerless dingn  the inductive PLC coupler shows good performance in low
impedance power cable and yields low energy radiation [102]
The coupling efficiency varies according to distinct fastor
2) Inductive: The inductive PLC coupler can be realizedsuch as the shape and magnetic characteristics of the nagnet
with (series inductive coupling) or without (shunt indweti core, the length of the gaps, and the characteristic impmedan
coupling) galvanic isolation to the power cable [97]. In thef power cable [102].
inductive PLC coupler, electric current flows through thealvi It is important to emphasize that the nonlinearity of the
ing coil and yields an electromagnetic field which indudiive magnetic material together with the magneto-motive force
loads the signal into the conductor, as showed in Fig. 9, &hefsing from zero to a maximum, twice each cycle of the mains
Ty and T are inductive couplers. Structurally, it consists of gignal, causes distortions, such as amplitude modulafitimeo
magnetic core with gaps and the output coil is connected tf@nsmitted and received signals.
the transceiver, both of which are wound around the core. Its3) Resistive: The resistive coupler is constituted by a

installation does_ not require _Iockout of t_he electric pogeds voltage divider, a bandpass filter, and an amplifier. Theaggit

because there is no electric connection between the powgfiger drops the voltage signal from the power cable and, in

cables and the PLC coupler. the following, the bandpass filter attenuates the out of band
signals. Finally, the amplifier boosts the voltage signapim

Phace - v - T Phase A tude for a further analog-to-digital conversion. Theaaiti,
PheseC - —g— — —Tf— PraseC injection and extraction of signals into/from the power leab
l are possible; however, only the extraction of the signaisee
Trensceiver v || I~ to be practicable. For instance, [21] proposed a circuitafor

T T Trenscaver Transosiver resistive coupler, see Fig. 10. As we can see, it is constithy
T e N ® - a voltage divider, a buffer, a band-pass filter, and an areplifi

. ) _ ) ) _ Due to its nature, the resistive PLC coupler may be suitable
Fig. 9: (a) serial inductive coupler and (b) shunt inductivgy. coupling narrowband PLC system in low-voltage electric
coupler. power grids.

In inductive PLC couplers, the mains current can flow,
unlimited, through the magnetic core clamped over the wires | oat o | - ] —

as shown in [98]. Toroidal transformers typically have cepp Posv'gfi?ne R% %,—@ .. j:>o TranPch(;iver
o

wire wrapped around a toroidal core so that the magnetic flux,
which occurs inside the coil, does not leak out. The proeerti Voltage Buffer Bandpass  Amplifier
of the toroidal core current transformers, such as maximum Divider Circuit filter
transmissible primary current, amplitude, and phase esor
well as linearity, are basically determined by the mateargdd

in the core [99]. High magnetic coupling coefficient values
are desirable in inductive couplers for offering low ingait ~ 4) Antenna: The first form of coupling PLC transceivers
loss and return loss, as well as for covering wide frequenty power cables was based on an antenna due to its sim-
bandwidth. In [100], insertion losses of inductive couplemlicity, low cost, and easy installation and operation [18]
based on Rogowski coil and a conventional (ferrite baseldig- 11 shows a typical antenna coupling. These antennas wer
inductive coupler were compared. The authors measured fAeunted below the power lines on the tower structure and the
variation of insertion loss response of an inductive coujsle high-frequency carrier signal was induced in parallel vtita

high current test in the frequency range of 1.7 MHz and 4mwer cable. The size of antennas exceeded 300 feet in length
MHz. The performance of couplers based on Rogowski c@nd was designed to the carrier frequency employed for voice
is stable because the relative permeability of an implestentcommunication [103]. However, coupling antennas are quite
coupler is very low and it is not saturated according to aRefficient because there is a lot of power lost in the couplin
increase of current. with the electric power grid.

Inductive coupling offers many degrees of freedom for In 1921, AT T began to develop the first PLC transceiver
system design by varying geometric parameters to tune pamth an antenna coupling (analog modulation, simplex trans
sitic elements, such as the crossover capacitance betlveenntission, and transmission power & W) for voice signals
spirals, the magnetic coupling coefficient, inductancematd communication, control, operation, and maintenance of the
impedance terminations. The geometry and electromagnaetistribution electric power system. However, problemshsas
properties of coiled wire over the ferrite core result in ghthi impedance mismatching between the antenna and the power
impedance for high-frequency signals. In [101] was shova thcable and the length of the antenna for working with the

— — — —— o

Fig. 10: The block diagram of the resistive PLC coupler.
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low frequencies motivated the development of capacitive an y—  Hiohvoltge  —
inductive couplers.

Currently, the use of antenna coupling is under investigati G C
for broadband PLC to offer mobility to PLC users, introdugin
both PLC and wireless transceivers called hybrid PLC-wgsl
[19], [20], [104]. Furthermore, the power cable can be seen a L.
an antenna for the propagation of RF signals, such as WiFi, = = b
[105]-[107] which can reduce the investment with cablind an
repeaters. In [108], the authors characterized the LV power
cable to use as an antenna to propagate RF signal in ultha-hig Ty 2288 T M
frequency (UHF). The range of tested frequencies in power _ _
cable extends to 550 MHz beyond the current IEEE 802.11g Trensoaver Trensoaiver
standard which has a center frequency of 2.45 GHz and an @ ®
80 MHz frequency bandwidth. It experimentally demonstlatd=ig. 12: Typical coupling schemes for HV transmission lines
that LV electric power grids can be used as an antenna in @& Phase-to-ground coupled single frequency narrowbadd a
UHF in the frequency range from 1 GHz to 3 GHz. (b) Phase-to-ground coupled two frequency narrowband.

Power cable

N

because it results in the saturation of the core [114]. Also,

Antennawires

50 W Power
coupling to power cable

Amplifier

Power cable

Fig. 11: Equivalent circuit of antenna wires.

B. Based on voltage level

it shows more insertion loss than capacitive coupling. Gn th
other hand, the greatest advantages of the inductive amsyple
when compared to capacitive couplers are: during instaiat
there is no interruption in the electricity supply, low cast
production and installation, and the galvanic isolatioroam
the HV transmission lines and the transceiver circuit [115]
The inductive coupling in HV transmission lines acts as an
electrical protection. For instance, if there is an inceeas
electrical current in the HV transmission lines due to short
circuit or short discharges, the voltage is limited by the

Regardless of the electric power grids to be AC or DC, ttgaturation of the magnetic flux inside the core of the induecti
coupling can be classified according to their voltage leeel goupler, due to the saturation of the RF transformer core.

follows [109]:

2) Medium voltage:ln recent years, the idea of using the

1) High voltage: The coupling capacitor is the most widelyexisting MV electric distribution grids as a medium for data
used component that enables signal coupling to and from #@mmunications became a reality. In fact, such infrastmect
HV power cable [110]. Standards have been established f@n be used to constitute data communication backbone to
ratings and tests power capacitor (i.e., isolation) whiasm meet protection, metering, distribution, automation, and-
be met by coupling capacitors in HV. The requirements aritbl, by connecting several substations [116].
essential characteristics of capacitive coupling for Hweha The MV couplers must withstand high differential voltages

been standardized in ANSI C93.1 [111].

among phases and earth. As a consequence, it requireslspecia

In [112], the author describes capacitive and SISO cogemponents, which make these devices more expensive and
plers for HV transmission lines designed for narrowband amdore complex to implement than LV couplers but much
broadband PLC transceivers between the phase conductor l®sd expensive than HV couplers. The requirements for the
the earth. Basically, there are two types of phase to groumgtallation of capacitors in MV must also follow the ANSI
narrowband resonant schemes for coupling. Fig. 12 shows t0@3.1 [111].

single-frequency and the two-frequency resonant cirdhias

implement such scheme.

Similar to HV PLC couplers, the MV PLC coupler must
be in compliance with the requirement of the utility and

The modeling approach and analysis of component inflapplicable regulation (e.g. insulation level of feedinglea
ence on the performance of PLC transceiver show the behawgoounding, mechanical strength, lifetime, and climatid- ca
of complex coupling with many co-existing carrier frequieisc egory). In the case of switching the MV switchboard, or
are discussed in [113]. Also, it addressed the developmmeht an the case of short circuit, the MV PLC coupler must be
application of a PLC modem components, including single amadble to support transient currents higher thzih kA with
double-frequency line traps, line tuning units, couplirg ¢ no mechanical damage or change of frequency response not

pacitor voltage transformers (CCVTs), transmitters, inexs,

exceedingl.5 dB [117].

balanced and skewed hybrids, and signal level probes in arin [118], [119], a capacitive SISO PLC coupler for broad-

115 kV transmission line.

band PLC was proposed. Fig. 13 shows the MV PLC coupler

The inductive coupling for HV transmission lines is mor@evice which can work with voltage levels as high as 11 kV.
sensitive to HV fluctuations, impulsive noise, corona dffec In this proposal, the PLC coupler is connected to phases and
and voltage arcing between phases than capacitive coupliimg trap circuit. The low impedance of the electric power
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lines causes a mismatch between the PLC coupler and eledtnie design of adaptive matching impedance and selectieesfilt
power line. The line trap circuit is a parallel resonantaitc thatis capable of attenuating unwanted frequencies whiegh m
mounted in-line on AC transmission power lines to prevertuse interference with the PLC system.
the transmission of high-frequency carrier signals of A@eo  In [70] it was shown that the analog filter is the key issue of
line communication to unwanted destinations. It is useddp t LV PLC capacitive coupler. The authors showed how to build
the low-frequency signal of AC power line and offer a higlthe filter circuit model for LV, and the Butterworth band-pas
impedance to the high-frequency signal of a PLC transceivélter which frequency band is from 1 MHz up to 30 MHz was
Two RF transformers are used to achieve the desired isplatidesigned. The main issues for designing a capacitive SISO
The series combination of.s and Cs forms a band-pass PLC coupler was discussed in Section Il.
filter to block the AC power line and a low impedance for The inductive coupling has been studied in motor cable
the signal of PLC transceivers. The resonant frequenciesamimmunication [126] for a voltage of 400>¢. The inductive
the three circuits I[s, Cs, L and C) are designed as thePLC coupler for motor cable communication is tuned for
midband frequency of the PLC coupler. The MOV togethahe low voltage direct current (LVDC) [127]. The inductive
with Dz, and Dz, (Zener diodes) are responsible for theouplers are not commonly used in consumer applications, in
electric protection. which the connection with the power cable is made through
an electrical wall outlet. The typical circuit of LVDC and
s RETrnsfomer the basic structure of the proposed PLC-base communication
} architecture can be accessed in [128]. Also, we point that an
LVDC is very common in vehicles.

&
Lo

Electric

Y% Dz .
power line MOVEE L c L c H Transceiver

|
I

RF Transformer C. Based on type of voltage

The use of PLC in AC electric power grids is widespread,
but the voltage of electric circuits can be classified into tw

tegories: AC and DC. However, despite the popularity of

C system over AC electrical circuits, there are a lot of
Laesearch focus on facilitating communication over DC eiect
r({|rcuits. In [93], the DC PLC coupler is developed on the asi
of AC PLC coupler. Essentially, the fundamental structure o
a DC PLC coupler is very similar to the AC PLC coupler.
In [129] were investigated the possibility of using the PLC
r}echnology to transmit data along differential DC powerdsus

,_
O =

s

Fig. 13: Typical capacitive coupling circuit for MV.

When inductive PLC coupler comes to matter, there are t
options available for installation: the inductive PLC ctargs
clamped around an MV power cable, or the inductive P
coupler is serially connected between the neutral line ef t
MV circuit and the ground wire if it is available [115]. The
former has the advantage of offering galvanic isolationmfro
the power cable and its installation is done without powgri
off. On the other hand, its disadvantage is that high cuwant :

ﬁfgployed in spacecraft.

the MV power cable causes the magnetic saturation of the The inductive and capacitive PLC coupler can be designed
transformer and, as a consequence, the insertion of re¢levan P P 9

loss. The latter has the advantage of facing low saturatig?wwqu in different levels of voltage n AC or D.C electrical
circuits. DC PLC coupler uses a series capacitor connected

magnetic flux density because of the low-level current flgwin ith the power cable such as AC PLC coupler does. The

between neutral and ground lines resulting in low insertiof) . ; . .
loss. Moreover, it offers an interesting cost effectiveutioh capacitor blocks the AC or DC mains signal and passes high

because the PLC coupler has a small size in Comparis%%quenmes for a wide range of frequencies. In inductive

to capacitive MV PLC coupler [97]. In addition, due to itsﬁ? upllgg \t/_vlth%llj_tcgalvanllc c_on:aﬁt (\jN'.th the I?(IZ btjhs [\)/gltzge,
characteristics, the distance for signal transmissiorbedong . € Inductive coupier, instafled in parafiel wi us

[120]-[122]. injects the PLC signal following the principle of magnetic

. . induction, which is exploited in inductive coupling, seecen
3) Low voltage: Typical LV power cables consist of threeIH_A_2
conductors, a phase, a neutral, and ground. Two Of.the.sel'he applicability of narrowband and broadband PLC for the
three conductors can be used to create a communica Ub ; - D .
C electrical circuits communication is shown in [130j. |

channel. The scenario for the LV electric power grids Iﬁ%31] narrowband capacitive couplers that are differdigtia

different compared with HV and MV ones, as discussed L
[123] because the LV power cable is derived from seconda?onne(:ted between the neutral and DC conductors in bipolar
P +750Vpe is proposed. An inductive coupler is used in [132]

windings of the MV/LV power transformer and the energy i?or analysis of noise in broadband PLC in DC power cables
delivered to a large number small consumers. The dynamic '

of the loads in the LV electric power grids yields emissions

and interference associated with appliances, motors, et o D- Based on frequency band

loads, which make them the most hostile environment for dataThe PLC system has a range of frequency bands allocated
communication purposes [124], [125], difficulty impedanc® narrowband and broadband PLC data communications.
matching among PLC transceivers and power lines. Due to theerefore, the PLC couplers can be classified as narrowband
low cost of LV PLC couplers, some features can be improvedrequency range between 0 kHz and 500 kHz) [38], [52] and
such as impedance matching with electric power grids lyoadband (frequency range from 1.7 MHz to 500 MHz) [102],
using, for instance, the RF transformer ratio transforamaér [118]. The frequency bandwidth is determined by low and high
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cut-off frequencies at 3 dB attenuation and can be modified in TABLE I: Types of connections.

function of filter design. The parameters of the RF transtrm Mode Transformer (Tx)| Transformer (Rx)
analog filter, and electric protection must be designed ¢oat 1l)>(<21 ((Sslllag; E-“ > F(’:M
with the chosen frequency band desired [37], [43]. X3 (SIMO) BN 5N PE
1X4 (SIMO) P-N P, N, PE, CM
E. Based on propagation mode 2X2 (MIMO) P-N, P-PE P, PE
Y . . . 2X3 (MIMO) P-N, P-PE P, N,PE
Power cable wiring installations in a residence make use 2X4 (MIMO P-N, P-PE P, N, PE, CM

of three wires, namely phase, neutral, and protective gtoun

which can be modeled as parallel conductors sheathed in a

dielectric material [133]. The PLC couplers can inject angig conductor and, therefore, there are four paths availabledta

in the power cable along the wire in two ways: DM and CMommunication [136], [137]. In this context, the connestio

[134]. between two PLC transceivers can be classified in terms of
The DM is the normal current conduction mode by a twoSISO, single input multiple outputs (SIMO), multiple input

wire circuit. The current flows in a wire in phase oppositiomultiple outputs (MISO), and multiple inputs multiple outp

of the other wire, the electromagnetic fields generated by ttMIMO).

currents actually cancel out each other. On the other hand, i The SISO coupling is the simplest form of coupling with

the CM, the current goes through all the wires in the same diower cable. In LV, the connection of PLC couplers can be

rection causing the addition of electromagnetic fieldsidjig performed by the phase and neutral wires or phase to phase

significant levels of electromagnetic interference (EMI3$]. Wires. Such connection in HV and MV occurs among phases.
Fig. 14 shows a high-frequency equivalent circuit of dhe advantage of the SISO PLC coupler is its simplicity and

PLC channel illustrating the creation of CM signals due t®W cost. The majority of PLC systems are SISO.

current I..,,, and voltageV,,, with respect to the ground, To have the SIMO and MISO PLC couplers, connecting at

originated unintentionally in an unbalanced electric powdlV and MV, all three phases wires must be available. The

cable. It creates a parasitic capacitance with respectaiongr  SIMO PLC coupler is connected in two phases to transmit the

and causes a CM current to return to the source througignal from the transceiver circuit and it receives the align

the parasitic capacitanc&'(,,,). In this model, we have a three phases. In that case, the signal is induced in the third

three-wire power line cable in which the Ground wire is thghase.

reference conductor. Thg,,, current flows in the Phase wire In MIMO coupling at HV and MV, all three phase wires

from/to PLC Couplers and returns via the Neutral wire. Thean be used, simultaneously. The MIMO PLC coupler is

I.., currents flow from/to PLC Couplers in the Live andconnected in three phases to transmit the signal and itveei

Neutral wires and return to PLC Couplers via the Grouri#e signal in two phases. For LV electric power grids the

wire. I, flows back to the location where it was converte@lectrical protective wire and protective earth (PE),\alidhe

via unwanted parasitic components,,.,, ground and any creation of another path between two PLC couplers [138].

other asymmetry. Table | and Fig. 15 show the configuration mode of SISO,
SIMO and MIMO. In [138], the authors show the results of
Light channel measurements motivated to implement a MIMO PLC
switeh V& equivalent circuit explaining the creation and receptib bl
o W signals. Two RF transformers are connected in triangle t&ard s
pc [oE configuration providing several paths for data communicati
Coupler Vam Idm¢ TV
J_ Neutral |
Cpara v +J_¢I X |
PLC cm cm 1 :
Ground Coupla’ i Cpara e OB d
L T ]! ) 3
I Cpa[a XSOD :
Fig. 14: High frequency equivalent circuit of a DM. Fig. 15: MIMO PLC Coupler.
F. Based on number of connections IV. FUTURE WORKS

The wires in HV, MV, and LV electric power grids can be Although, there is a scarce effort toward PLC coupling re-
used to provide more than one path for data communicati@@arch. The coupling unit is perhaps one of the most impbrtan
Hence, the coupling circuits can be classified according tomponents in a PLC transceiver. Therefore, the design of
the number of connections. The power cable in HV ara PLC coupler capable of handling the complexity, dynamic
MV consists of three phase wires where the same sigraald diversity of electric power system is a challenging éssu
can be sent by three different paths. The power cable for the PLC research community. With this regards, in the
LV is composed of three phase conductors and one neufi@lowing, we enumerate some important question deserving
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more attention in order to come up with improved couplingupport.

solution:

o The measurement of access impedances is of particular
importance since it is necessary for designing efficient
and effective couplers, for improving the performance of [1]
PLC coupling [129]. It is important to know time and fre-
quency behaviors of resistive and reactive components ofy,
such impedance. Lack of this very important information
has led to the design of poor quality and low efficient
coupling devices in the past. [

o Research and development of new components and mate-
rial for electrical protection of the transceiver circuits
broadband PLC. Very limited research efforts have beer‘t4
expended in the area of special materials for couples,
especially when compared to the work on materials for
the design of advanced transformers. For instance, th
use of nanocrystalline magnetic materials to substitute
the ferrite and nanomaterials for capacitive devices. This
kind of material will considerably reduce the cost of
current coupling devices used in medium and high voltage
electric power systems.

« The design of low-cost surge protective components when
the frequency is over 35 MHz. Our review showed that[7]
GDT and TVSP are the most recommended if the maing8]
voltage is high; however, their cost may limit the use of
them in commercial coupling devices. 9]

« The development of simple and effective coupling circuits
that is capable of performing impedance matching t?m]
maximize power transfer. The introduction of such kind
of coupler will result in a remarkable improvement of [11]
PLC technology.

V. CONCLUSION [12]

A review on the use of couplers to enable data communica-
tions over AC and DC electric power grid has been presented.
The PLC couplers enable data communications over powers]
lines by injecting/extracting data signals into or from g@e
power lines either by differential mode or by common mode.
The review showed that the introduction of couplers to cahne
the PLC transceivers to electric power circuits could bedusel14]
to minimize both signal distortion and insertion loss and
improvement is needed to enhance PLC systems performed.

In this regard, we isolated the key points related to the
design of a PLC coupler, such as the PCB, insertion and®
return loss, galvanic isolation, impedance matching,riiitg
and protection. Additionally, We provided a classificatioh
PLC couplers based on the type of physical coupling, voItag@G]
levels, frequency bandwidth, propagation mode and a number
of connections. These fundamental concepts are provided to
suffice basic understanding about some relevant issugsdelall”]
to the design of PLC couplers.

Finally, we pointed out some important research questions
whose investigations can result in the design of a new gendt!
ations of efficient and effective PLC couplers.
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